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ABSTRACT

Effect of simulated storage and distribution on Listeria innocua growth in non-traditional
salad ingredients
Emma Sandquist
The fresh-cut produce industry has seen expansive growth in recent years, to meet
consumer demand ready-to-eat (RTE) salads have included the use of non-traditional
ingredients. Uncommon ingredients include beet greens, kale, broccoli stalk, and Brussels
sprouts, since these ingredients have not historically been consumed raw, potential food
safety issues should be reassessed. Current processing technologies include produce
washes that can reduce microbial levels but do not eradicate all populations. The lack of a
kill step in produce processing emphasizes the need to minimize pathogen contamination
during production and growth during a product’s shelf life. Listeria monocytogenes, a
leading cause of foodborne illness related deaths, continues to challenge the industry with
recent outbreaks and recalls of fresh-cut produce. These events present the need to better
understand L. monocytogenes growth potential in RTE produce during storage and
distribution. Traditional salad greens have been researched extensively, however, limited
knowledge is available on new inclusions. While temperature is known to strongly
influence microbial growth, the effects of physical abuse during storage and distribution
are unknown. The purpose of this study was to characterize L. innocua’s, a surrogate
for L. monocytogenes, growth behavior in processed beet greens, kale, broccoli stalk, and
Brussels sprouts when exposed to simulated physical and thermal abuses during storage
and distribution.
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To evaluate L. innocua growth during storage and distribution produce samples
were obtained from a local processor in retail packaging and surface inoculated. The
samples were conditioned at 4℃ for 18h prior to being exposed to a series of physical
abuses (compression, drop, and vibration) typical of storage and distribution. After abuse,
produce was incubated at 4 or 8°C and sampled post-abuse through 16 and 11 days,
respectively. Samples were enumerated for L. innocua, aerobic and psychrotrophic
microorganisms, and lactic acid bacteria. To monitor growing conditions in each
vegetable, product pH, water activity, and headspace (gas analysis), were observed at
each time pull.
The study found physical abuse had no significant effect on L. innocua, or
microbiota growth regardless of vegetable or incubation temperature (P > 0.05).
Vegetable intrinsic factors (pH, Aw, and headspace) did not seem to interfere in L.
innocua or background microbiota growth during incubation. All vegetables supported L.
innocua growth under 8℃. Growth of L. innocua was greatest in beet greens, followed
by kale, broccoli stalk, and Brussels sprouts in descending order. Significant growth of L.
innocua at 4 and 8ᵒC was seen on day 6 and 4 in beet greens, 11 and 6 in Brussels
sprouts, 16 and 4 in kale, and 16 and 6 in broccoli stalk (P < 0.05). Overall, these results
show the studied RTE vegetables can support L. monocytogenes growth during storage
and distribution, especially under abusive temperatures, demonstrating the importance of
prevention strategies during processing and refrigeration throughout RTE produce shelf
life.
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CHAPTER 1: INTRODUCTION
The value-added sector of fresh-cut produce is a growing multibillion-dollar
industry, mainly comprised of processed fruits and vegetables and pre-packaged salads.
In 2019, pre-packaged salads sales reached over $4.9 billion, growing 5.6% over 2018
(Himmelheber, 2019; Nickle, 2020). Also rising in the industry are food borne illness
recalls and outbreaks related to fresh produce. Since 2017 to present, 108 recalls
associated with produce due to foodborne pathogens have been recorded in the United
States(U.S. Food and Drug Administration, 2020 (FDA)). Between 2010 and 2018 a total
of 242 outbreaks associated with fresh produce and foodborne pathogens occurred,
excluding outbreaks due to human viruses (eg. Norovirus) (Center for Disease Control
and & Prevention, 2018 (CDC)). Typical washing used in RTE processing are not
effective kill steps, making pathogen mitigation difficult to ensure. If contaminated,
human pathogens in RTE produce can persist and grow throughout distribution and home
storage before consumption, increasing risk of consumer illness, product recalls, and
outbreaks.
A pathogen of continual concern in the RTE produce industry is Listeria
monocytogenes, challenging manufacturers with its ability to survive and grow in
refrigerated temperatures and cause serious illness in consumers (U.S. Food and Drug
Administration, 2012a (FDA)). The infectious dose of L. monocytogenes is estimated to
be between, 102 – 109 CFU/g depending on the health of the exposed individual
(“Recommendations by The National Advisory Committee on Microbiological Criteria
for Foods. The Ecology of Listeria Monocytogenes,” 1991; Van Stelten et al., 2011;
Vazquez-Boland et al., 2001). Because L. monocytogenes has a higher infectious dose
1

compares to other common foodborne pathogens (eg. Salmonella spp. and E. coli
O157:H7) managing L. monocytogenes growth in RTE produce items is critical for
product safety. Of the previously mentioned recalls and outbreaks L. monocytogenes
caused 64 of the 108 recalls, and 12 of the 242 outbreaks(CDC, 2018; FDA, 2020). In
total, the outbreaks resulted in 288 illnesses and 60 deaths (CDC, 2018). An additional
recent outbreak in enoki mushrooms during 2020 increased these totals to 324 illnesses
and 64 deaths (CDC, 2020). To prevent further recalls and outbreaks it is necessary to
understand L. monocytogenes behavior in fresh-cut produce so that growth can be
minimized and controlled throughout a product’s shelf life. L. monocytogenes growth has
been researched extensively in leafy greens historically used in Ready-to-Eat (RTE)
salads, including iceberg, butterhead, and endive lettuces, spinach, cabbage, and arugula
(Abadias et al., 2008; Carlin & Nguyen‐The, 1994; Carrasco et al., 2008; Sant’Ana et al.,
2012; Zeng et al., 2014). However, risks associated with unconventional ingredients like
beet greens, Brussels sprouts, broccoli stalk, and kale currently used in RTE salads are
unknown. These new ingredients cause concern for product safety as they have not
historically been consumed raw or evaluated for L. monocytogenes growth potential.
Research is also needed to determine the impact of physical abuses that occur
during storage and distribution on L. monocytogenes behavior in RTE produce. Physical
damage can be caused by drops, vibrations, and compression forces during product
transportation and handling. Both vibrations from truck transportation and compression
weight from palletization can cause bruising or abrasions in produce. Shock forces from
dropping products, and manually placing products in displays can cause further breakage,
cuts, or puncture wounds. The damage can cause nutrient leakage, and create attachment
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sites for pathogens in produce, furthering the risk for L. monocytogenes proliferation
(Berardinelli et al., 2005; Bollen et al., 2001; Brandl, 2008; Chen et al., 1986; Defraeye et
al., 2015; Shirmohammadi & Yarlagadda, 2013). Unintentional thermal abuse is known
to occur during storage and distribution and can compound the effects of physical abuse
on L. monocytogenes growth in RTE produce. Refrigerated storage and transportation are
designed to maintain RTE produce at temperatures ≤ 5°C to minimize pathogen growth,
however, temperatures up to 18°C have been recorded (Zeng et al., 2014). This thermal
abuse can increase nutrient leakage and promote rapid L. monocytogenes growth,
increasing risk for product recalls and outbreaks (Little & Gillespie, 2008).
Understanding growth and survival behavior of L. monocytogenes in individual
RTE produce during storage and distribution is critical to determine growth risk in new
salad ingredients. This study aimed to determine growth behavior of L. innocua, a nonpathogenic surrogate for L. monocytogenes, in unconventional salad ingredients during
simulated retail storage and distribution conditions. The objective of this study was to
determine the effects of thermal and physical abuses during storage and distribution on L.
innocua growth behavior in fresh-cut beet greens, broccoli stalk, Brussels sprouts, and
kale.
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CHAPTER 2: LITERATURE REVIEW
2.1 Listeria monocytogenes contamination and outbreaks in produce
Listeria has continued to challenge the fresh-cut produce industry, since 2010
seven listeriosis outbreaks have occurred in the U.S. (Table 1) (CDC, 2020; FDA, 2020).
In 2011 the largest and deadliest outbreak of listeriosis in produce occurred in
cantaloupes. The outbreak resulted in 147 illnesses, and 33 deaths (CDC, 2012). In 2014,
contaminated caramel apples caused 35 illnesses and were linked to Listeria in the apple
packing house (CDC, 2015). Diced celery sickened 10 people and caused 5 deaths in
2010 (Gual et al., 2013). The facility producing celery was closed permanently because
Listeria could not be eradicated from the facilities (Gual et al., 2013). A mung bean
sprout outbreak also resulted in a facility closure after causing 5 cases and 2 deaths
(CDC, 2014). In 2016, production of Dole packaged salads out of an Ohio facility was
halted after 19 illnesses and one death (CDC, 2016b). Most recently, 36 cases, two fetal
loses, and four deaths were caused by Listeria contaminated enoki mushrooms imported
from Korea (CDC, 2020). Collectively, these outbreaks resulted in 261 listeriosis cases
and 55 deaths (Table 1). Outbreaks negatively affect both public health and industry
economics while recalls do not always call illness, they can result in similar economic
damage and product loss. Since 2017, 48 recalls due to potential L. monocytogenes
contamination in produce products have occurred, 17 of which occurred in 2019 alone.
Salad blends, vegetable snack trays, raw stir fry blends, and other packaged RTE produce
were responsible for 50% of the recalls (FDA, 2020).
RTE produce can be contaminated at any point during production, however,
environmental contamination in the field or processing facility is most common.
4

Research has isolated L. monocytogenes from both growing fields and packing houses of
fresh produce (Chapin et al., 2014; Estrada et al., 2020). A study examining the presence
of Listeria spp. and L. monocytogenes specifically, in produce farms collected 178
composite soil samples, 174 water samples from surface and engineered water sources,
175 drag swabs, and 61 fecal samples from five produce farms over two years. Out of
588 samples, 88 (~15%) tested positive for L. monocytogenes. Random forest (RF)
analysis revealed geographical and meteorological factors associated with L.
monocytogenes isolation through variable importance (VI) scores; higher scores indicated
a higher degree of association. Soil moisture and proximity to water and pastures,
temperature and proximity to water resistant surfaces were among the highest VI factors
associated with the presence of L. monocytogenes (Chapin et al., 2014). L.
monocytogenes present on farms and produce can introduce the pathogen into packing
houses. The prevalence of L. monocytogenes in packing houses was analyzed in a study
that swabbed eleven fresh produce packing houses during growing seasons for
microgreens, peaches, apples, tomatoes, broccoli, cauliflower, and cucumbers (Estrada et
al., 2020). Packing houses were sampled four times during packing season, swabbing
environmental zones 2, 3 and 4 resulting in a total of 1,588 samples, roughly 140 swabs
per packing house. Sample sites were further categorized into cold storage rooms (CS,
188 samples), drain sites (DS, 144 samples), wet nonfood contact surfaces (WNFCS, 284
samples), dry nonfood contact surfaces (DNFCS, 552 samples), mobile nonfood contact
surfaces (MNFCS, 332 samples) and areas outside the main handling and processing
areas (OP, 88 samples). Example sample sites included forklift wheels, drains, dump tank
legs, cold room floors, and squeegees. L. monocytogenes was identified in nine of the 11
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facilities. Categorical analysis revealed L. monocytogenes presence was most prevalent in
DS (6.9%), WNFCS (5.3%), and CS (4.3%) compared to MNFCS (2.7%), OP (2.3%) and
DNFCS (1.1%) (Estrada et al, 2020). Both studies show that produce can be
contaminated by L. monocytogenes on farms and in packing houses, which, without
proper management, can result in listeriosis outbreaks.
Table 1: Effects of produce-related listeriosis outbreaks between 2010-2018
Product
Diced Celery
Cantaloupe
Caramel Apples
Bean Sprouts
Packaged Salads
Frozen Vegetables

Cases
10
147
35
5
19

Deaths
5
33
7
2
1

States with Illnesses
1
28
12
2
9

Year
2010
2011
2014
2014
2016

Source
Gual et al., 2013
CDC, 2012
CDC, 2015
CDC, 2014
CDC, 2016

9

3

4

2016

CDC, 2016a

Enoki Mushrooms

36
261

4
55

17

2020

CDC, 2020

Total

Presence of L. monocytogenes in fields and facilities has led to cross
contamination of fresh produce and outbreaks. FDA investigations found L.
monocytogenes in processing equipment and surrounding environments in facilities
related to an onion recall (2012), and celery (2010), caramel apple (2014), and cantaloupe
(2011) outbreaks. L. monocytogenes was identified in the metal shroud and hopper of
onion peeling equipment (FDA, 2012b). Out of more than 200 environmental swabs from
floors, surfaces, and equipment, 19 tested positive for L. monocytogenes in the celery
processing facility (Gual et al., 2013). It was noted that seven out of 10 vacuum sealed
chopped celery bags tested positive for L. monocytogenes while hand cut product did not,
indicating contamination during processing using chopping equipment. Poor sanitation
and facility up-keep likely allowed for L. monocytogenes residence in the facility and
6

product contamination (Gual et al., 2013). Environmental swabbing showed L.
monocytogenes presence on apple contact surfaces in the apple packing house (CDC,
2015; FDA, 2015). The investigation into the cantaloupe packing facility resulted in 13
positive tests out of 39 environmental swabs in the facility. L. monocytogenes strains
isolated from cantaloupes in cold storage and facility equipment were indistinguishable
from strains isolated in listeriosis patients (Marler, 2011; FDA, 2012c). Roller brushes
used to rinse cantaloupes were found to be contaminated with L. monocytogenes. Lack of
appropriate sanitation and use of unchlorinated wash water likely allowed Listeria to
establish residence in the rollers, and contaminate cantaloupes during packing (FDA,
2012c).
In response to these outbreaks, research studies have shown how, if present on
produce, L. monocytogenes can cross contaminate clean product by transferring the
pathogen to dicing or cutting machinery (Kaminski et al., 2014; Scollon et al., 2016). The
contamination pathway was investigated in both onions and celery when batches of
uninoculated produce were diced after L. monocytogenes inoculated produce. In both
onions and celery, batches diced immediately after inoculated produce resulted in
population values close to inoculation levels, while later batches resulted in lower
concentrations of L. monocytogenes (Kaminski et al., 2014; Scollon et al., 2016). Both
studies used high inoculation concentrations to recover detectable populations of Listeria
in the products reviewed. Had the studies used lower inoculation concentrations,
simulating natural contamination levels (1-2 log CFU/g), a more random pattern of
contamination may have occurred (Kaminski et al., 2014). Effective kill steps do not exist
for RTE produce, because of this contamination during processing must be minimized. In
7

the case of contamination, controlling L. monocytogenes growth post-processing is
necessary to minimize safety risks in RTE produce.
2.2 Thermal Abuse in Storage and Distribution of RTE produce
2.2.1 Thermal Abuse in the Cold Chain
The FDA requires RTE produce to be stored and transported at temperatures ≤
5°C, however, abusive temperatures > 5℃ have been observed during transportation,
retail storage, and retail display (Wyatt Brown et al., 2016; Lorena et al., 2020; FDA,
2010; Zeng et al., 2014). Brown et al., (2016), monitored temperatures in 16 refrigerated
trailers carrying leafy greens during cross-country shipments lasting 1.3-3.5 days.
Sensors were placed on trailer sidewalls and within product pallets. Temperatures were
recorded at one-minute intervals and statistically analyzed to determine temperature
patterns within the trailers. The study designated any temperature above 5℃ as thermal
abuse, and any temperature above 7.2℃ as high thermal abuse. On average, cumulative
thermal abuse ranged between 0.1-6.7% of total transit times, illustrating that in well
maintained trailers thermal abuse is minimal, limiting potential for L. monocytogenes
growth. Average temperatures above 5 and 7℃ were 6.6 and 8.1℃, respectively,
showing abuse to border set thresholds. However, three of the 16 trailers experienced
temperature abuse > 5℃ for ~75-98% of trip time, demonstrating that long durations of
thermal abuse can occur, which could increase the risk of L. monocytogenes growth. The
authors emphasized the importance of trailer maintenance, appropriate pallet design and
placement to minimize long exposure events. Factors affecting pallet and trailer
temperatures included seasonal ambient temperatures, airflow, and heat from product
respiration. Temperature trends showed that trailers were cooler towards the front (close
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to the cabin and unit evaporator) and warmer toward the back (loading door).
Additionally, tops of pallets were cooler than the bottom, and the center of pallets were
warmer by 0.8℃. These findings were explained by the natural airflow in the trailer,
where cool air was blown from the front of trailers across the tops of pallets. Air would
cycle back across trailer sidewalls and sides of pallets, not reaching the center of the
pallets. This provides evidence to prioritize appropriate loading and pallet design to
maximize cold airflow in the trailer (W. Brown et al., 2016). In contrast with the previous
study, where limited abuse occurred during transport, results from Koseki and Isobe,
(2005) found that significant thermal abuse can occur. The study monitored the internal
temperature of lettuce by placing a temperature probe at the center of iceberg heads
during harvest. Temperatures were recorded during transfer from farms to retail displays
over 72 hours. At harvest, the produce was pre-cooled from field temperatures of 1517℃ to ≤ 5℃ within 3 hours, then was transferred to cold storage. The cold storage
facility was set to keep product ≤5℃ however, for approximately nine of 18 hours in
storage, internal lettuce temperatures were recorded > 5℃, increasing risk for L.
monocytogenes proliferation. Finally, lettuce was reported to have an internal temperature
>5℃ for ~23 of the ~33-hours during transport to the retail destination. Transportation
took place in a truck without temperature control (Koseki & Isobe, 2005b). This
demonstrates that extended thermal abuse can occur during cross-country transportation.
Therefore, it is important to determine the fate of L. monocytogenes when exposed to
thermal abuse and implement tight temperature controls during transport.
Further research studies have shown thermal abuse during retail cold-storage to be
more abusive than abuse during transport, increasing concern for L. monocytogenes

9

growth in RTE produce. A study observed temperatures in nine retail storage facilities
continuously over 12 months, recorded temperatures were broken into 3-day profiles to
simulate typical residence times of RTE salads in retail cold storage (Zeng et al., 2014).
Recorded mean temperatures for retail storage ranged between 0.6-15.4℃ and were
considered more abusive compared to recorded temperatures during transportation (-0.37℃) in the same study. Authors partially attributed the higher thermal abuse in retail cold
storage to shutting down refrigeration units regularly for cleaning and sanitation (Zeng et
al., 2014). Other researchers monitored another nine retail cold storage facilities over 12
months with temperatures recorded every 15 minutes (Wyatt Brown et al., 2016). Per
industry standards, the study classified temperatures ≥ 7.2℃ as high-temperature thermal
abuse, and only reported on facilities that experienced temperatures ≥ 7.2℃ for more
than 5% of observation time. Temperatures observed between 5-7.2℃ were not reported.
The highest temperature recorded in the facilities was ~19.6℃, although duration was not
mentioned. Six of the nine facilities observed recorded storage temperatures above 7.2°C
for ≥ 5% (>2.4 weeks) of the 12 months observed. The remaining three storage rooms
may have experienced temperatures >7.2℃ but did not exceed 5% of monitoring time.
Authors thought that retail cold storage room thermostats were set to temperatures > 5℃,
leaving product at greater risk of thermal abuse and further stressing the need for tight
temperature control. While thermal abuse was recorded for ≥ 5% of storage time it is
unclear if the abuse was consecutive or cumulative, making it difficult to determine the
severity of abuse and its effect on potential L. monocytogenes growth (Wyatt Brown et
al., 2016).
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Of all sections in the cold chain, retail display may expose produce to the most
temperature abuse. When temperatures of nine display cases were monitored over twomonths all cases recorded temperatures > 7.22℃ (Wyatt Brown et al., 2016). The study
did not report on temperature abuse between 5-7.2℃. Two sensors were placed on each
shelf of display cases, one sensor at the front of the shelf and another at the back. On the
bottom shelf, sensors were placed underneath product towards the front of the display.
No statistical tests were run although data trends showed temperatures were often too
high on top shelves, and too low in the wells of the display cases. The highest peak
temperature recorded was 27.6℃, indicating severe abuse could occur. The longest
consecutive interval above 7.2℃ was 10 days (Wyatt Brown et al., 2016). Typical
residence time for RTE produce in displays is 1-3 days, a 10-day interval at temperatures
> 7.2℃ shows that RTE produce could be exposed to high thermal abuse during time in
display, increasing the risk of L. monocytogenes growth (Wyatt Brown et al., 2016; Zeng
et al., 2014). An additional study reported temperature ranges for 12 refrigerated display
cases holding RTE salads (Nunes et al., 2009). Cases were monitored for six weeks with
sensors placed on top, middle and bottom shelves, recording temperatures every 10
minutes. In contrast to findings by Brown et al., (2016) bottom shelves recorded the
highest temperature of 19.6℃ while the lowest temperature 1.1℃ was recorded in middle
and/or top shelves. Authors found that RTE salads were typically stored 7-11℃ higher
than the recommended 4℃ when on bottom shelves but remained in an acceptable range
(1-4℃) when displayed on middle and top shelves, suggesting temperature abuse could
be avoided by placement within the display. Likely temperatures of each shelf in a
display are dependent on the location of the cooling system and pattern of airflow. There
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was no mention of duration of abuse. Average temperatures in displays ranged from 5.98.4℃, confirming that abuse occurs, allowing for increased growth of L. monocytogenes.
Without duration values, the severity of temperature peaks is difficult to determine
considering L. monocytogenes growth risk. However, authors believed the temperature
spikes were due to usual defrosting cycles and the short timing of cycles did not
significantly alter produce temperatures (Nunes et al., 2009). Open display cases are
commonly used in retail facilities however, other researchers suggest that closed display
cases can reduce thermal abuse during display. Two studies found that open retail
displays retrofitted with doors reduced thermal abuse (>5℃) times by 37% and decreased
abusive temperatures by 4.7℃ resulting in colder, more controlled storage for RTE
produce (Frias et al., 2018; Lorena et al., 2020). Therefore, closed display cases could
help mitigate L. monocytogenes growth in RTE produce during retail display.
Variable storage temperatures throughout transportation, retail storage and
display, can expose RTE produce to temperatures above 5°C, increasing the risk for L.
monocytogenes growth. This thermal abuse can be compounded by consumer handling,
as temperatures of domestic refrigerators have been recorded between 2-21℃ (James et
al., 2008). Reported intermittent and consecutive thermal abuse events during the cold
chain supports the need for strict temperature controls, and a better understanding of L.
monocytogenes’ behavior when exposed to thermal abuse. This behavior characterization
can help in risk-based decision making and prevent future RTE produce outbreaks and/or
recalls.
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2.2.2 Effects of storage temperature on growth of L. monocytogenes in well studied
RTE leafy greens and cruciferous vegetables
Studies have shown Listeria monocytogenes growth in leafy greens is dependent
on product type and storage temperature. Compiled literature shows varying growth
values in iceberg lettuce, romaine lettuce, spinach, endive lettuce, butterhead lettuce and
kale (Table 2). L. monocytogenes growth likely varies between RTE products due to
produce specific intrinsic factors like cellular structure, pH, nutritional profiles, natural
microbiota, and natural antimicrobial compounds. Varying inoculum levels, storage
times, and specific L. monocytogenes strain(s) used in individual studies should also be
considered when comparing L. monocytogenes growth values as all can influence final
populations in leafy greens.
Inoculation levels and storage temperatures affected L. monocytogenes growth in
iceberg lettuce. At inoculation levels between 3-4 log CFU/g, when stored at
temperatures between 5-7℃ L. monocytogenes growth was generally limited to ≤ 1 log
(Table 2). Comparatively, studies using high inoculation levels between 4-5 log CFU/g
when held at temperatures ≤ 5℃ saw no growth during storage. Stalled growth at lower
incubation temperatures, despite high inoculation levels may have been due to a lack of
appropriate nutrients for L. monocytogenes to grow. At temperatures between 7-15℃,
and inoculums between 3-4 logs CFU/g, L. monocytogenes generally grew > 1 log. This
was consistent with results from studies using higher inoculation levels (4-5 logs CFU/g)
as populations grew from 1.2-2 log (Table 2). Carrasco et al., (2008) was an outlier in
both temperature ranges (5-7 and 7-15℃) resulting in high growth values (Table 2). Preconditioning of the L. monocytogenes strains used in the study to create the cocktail
inoculum likely influenced the high growth in the study. Strains were sub-cultured in low
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temperature environments for adaptation to experimental storage environments, likely
allowing strains to grow more successfully during incubation periods (Carrasco et al.,
2008). Another factor affecting L. monocytogenes growth in the study could have been
the use of commercially washed and processed produce, which may have reduced
populations of potential competitive background microbiota (Carrasco et al., 2008). At
temperatures above 15℃, storage times and growth levels are not comparable to previous
studies discussed as storage times are much shorter (hours vs. days) (Table 2). Overall,
the studies found that higher storage temperatures can increase final L. monocytogenes
populations in comparison to products held at lower temperatures, showing storage
temperature is a prominent factor in limiting L. monocytogenes growth in RTE produce.
Studies reviewing L. monocytogenes behavior in romaine lettuce also had mixed
results dependent on inoculum level and storage temperature. Two studies observed L.
monocytogenes growth over 3-8 days when romaine was inoculated with 3 log CFU/g
and held at storage temperatures ≥ 7℃ (Oliveira et al., 2010, 2012). L. monocytogenes
grew between 2-3 logs, showing under abusive storage temperatures romaine can support
L. monocytogenes growth (Table 2). In contrast, results from studies done at lower
temperatures with lower inoculum levels showed that L. monocytogenes growth can be
limited in romaine. One study observed L. monocytogenes growth when stored at 5℃ and
inoculated at 3 and 5 log CFU/g. Samples inoculated with 3 log CFU/g, saw L.
monocytogenes grow < 1 log over 10 days. Comparatively, high inoculum samples
resulted in ~ 1 log growth over 10 days (Oliveira et al., 2010). In contrast, another study
found L. monocytogenes populations declined by ~ 1 log when romaine was inoculated at
5 log CFU/g and held at 4℃ for 14 days. The decline in population could have been due
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to the use of a high inoculation load, as the carrying capacity of romaine may have been
less than 5 log CFU/g at 4℃. Therefore, populations likely declined to the actual
maximum population relative to the storage conditions (Kakiomenou et al., 1998). Both
studies indicate that inoculation level can alter L. monocytogenes final populations.
Experiments observing L. monocytogenes growth in spinach used the lowest
inoculation levels observed in collected literature, ranging from 2-3.29 log CFU/g and the
widest range of storage temperatures, 5-40℃ (Table 2). Studies using a 3 log CFU/g
inoculation and storing spinach for 6-10 days at 7℃ had opposing results, with one
showing a decrease in L. monocytogenes populations and the other observing 0.88 log
growth (Lokerse et al., 2016; Sant’Ana et al., 2012). Results from Lokerse et al., (2016)
are unclear as to whether the experiment was done in triplicate with only one strain of L.
monocytogenes or carried out once with a cocktail of three strains of L. monocytogenes
(Lokerse et al., 2016). Therefore, the decline of L. monocytogenes seen in this study may
not be reliable or repeatable behavior. Only one study observed L. monocytogenes growth
when held at 5℃. At an inoculation level of 2 log CFU/g in baby spinach leaves, L.
monocytogenes increased by 2.07 log over 16 days (Omac et al., 2015). The same study
saw high amount of growth at other temperatures (10, 20, and 36℃) likely due to the
specific experimental procedures. By using spinach samples from a commercial supplier,
samples likely had reduced competitive background microbiota levels due to industrial
washing, potentially allowing for more L. monocytogenes growth. Statistical modeling
also influenced final values as the Baranyi growth model was fit to observed growth
values of L. monocytogenes in baby spinach. Due to modeling, values may be higher than
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experimental growth values (Omac et al., 2015). Overall, results from all four studies
show that spinach can support L. monocytogenes growth at various storage temperatures.
Both butterhead and endive lettuces were studied under abusive storage
temperatures (7-10℃), however, butterhead lettuce was studied under a higher inoculum
level (4-5 log CFU/g) compared to endive lettuce experiments (3-4 log CFU/g) (Table 2).
Butterhead lettuce was reviewed in two studies, one using L. innocua as a surrogate for L.
monocytogenes and the other using a single L. monocytogenes strain (Table 2). In both
studies abusive storage temperatures were used (8 and 10℃). L. monocytogenes grew
1.5 log by the end of 7 days when held at 10℃ and L. innocua grew ~ 2 log in razor
blade cut samples by the end of 10 days under 8℃ storage (Carlin & Nguyen‐The, 1994;
Gleeson & O’Beirne, 2005). L. innocua grew more successfully at 8℃ compared to L.
monocytogenes at 10℃, likely due to differences between L. innocua and L.
monocytogenes species and differing inoculum preparation methods between studies. The
L. monocytogenes inoculum was incubated in TSB broth for 4 days at 10℃ as a
conditioning step prior to experimentation (Carlin & Nguyen‐The, 1994). In contrast, L.
innocua was prepared by incubating previously frozen strains in TSB at 37℃ for 24h
(Gleeson & O’Beirne, 2005). L. monocytogenes cells were likely in a later exponential
phase and less aggressive in growth on butterhead lettuce compared to the L. innocua
cells. Despite the difference in growth values, both studies show butterhead lettuce can
support Listeria spp. growth. In endive lettuce, studies used similar storage temperatures
(7 and 10℃) and resulted in lower population increases compared to butterhead lettuce,
generally increasing ≤ 0.5 log CFU/g (Table 2). A single study on chicory endive resulted
in L. monocytogenes growth of 2.3 log CFU/g after 10 days of storage at 7℃ (Lokerse et
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al., 2016). This should be considered an outlier as the experiment was only done once,
without repeated or statistically sound results (Lokerse et al., 2016). Overall, endive does
not appear to be a suitable environment for L. monocytogenes growth.
Two studies were found reviewing L. monocytogenes growth in fresh cut kale at
starting inoculation levels of ~3 log CFU/g, and ~6 log CFU/g, respectively. When
stored at 7℃, product inoculated at ~3 log CFU/g observed 1.2 log growth of L.
monocytogenes over ten days while product inoculated at 6 log CFU/g saw ~ 2 log
growth across 14 days (Table 2). Interestingly, samples stored at 4℃ and inoculated at ~6
log CFU/g also saw a ~2 log increase over 14 days. These results are initially surprising
as lower growth levels are typically expected in products held at lower storage
temperatures. However, at such a high inoculation level L. monocytogenes likely grew to
the maximum capacity of chopped kale and growth stopped when populations reached ~8
log CFU/g at both storage temperatures. Total growth values for L. monocytogenes in
kale when held at 7℃ using a 3 log CFU/g inoculum can be considered similar to the
final increases seen in kale inoculated at 6 log CFU/g when the differing storage times
are taken into account (10 and 14 days, respectively) (Lokerse et al., 2016; Mansur & Oh,
2015). Had the low inoculation study been extended through 14 days, another ~0.8 log of
growth may have occurred to match the high inoculation study’s population increase.
Both studies indicate that kale can support the growth of L. monocytogenes and should be
further assessed for growth risk. The current research around kale is limited to high
inoculation studies and only one lower inoculation that only observed growth behavior at
7℃. Understanding L. monocytogenes growth behavior at various storage temperatures is
important in determining the growth risk in RTE kale. Further research should include
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storage temperatures ≤ 5℃, > 7℃, and use realistic inoculation levels to effectively
determine the growth risk of L. monocytogenes in kale.
Table 2: L. monocytogenes growth in RTE leafy greens at various storage temperatures
and times
Commodity
Kale

Iceberg
Lettuce

Process
Form

Inoculation
Level

Storage
Temp (°C)

Study
Length

Cut

~3 log CFU/g

7

10 days

Cut

~6 log CFU/g

4

14 days

7

14 days

Population Change
1.2 log CFU/g
increase over 10
days
~2 log CFU/g
increase by day 14
~2 log CFU/g
increase by day 14
0.7 log CFU/g
increase over 10
days
Increase of 0.5 log
CFU/g (air), 1.75
(EMA) over 7 days
No change in
population by day
12
1.5 log CFU/g
increase by day 12

Shredded

~3 log CFU/g

7

10 days

Shredded

3-4 log CFU/g

7

7 days

Shredded

4 log CFU/g

4

12 days

8

12 days

4-5 log CFU/g

8

11 days

~1.5-2 log CFU/g
increase

3 log CFU/g

5

14 days

2.66 log CFU/g
increase by day 8.4

13

14 days

4.85 log CFU/g
increase by day 8.4

5

18 days

No change in
population

15

7 days

~1.2 logs CFU/g
increase by day 7

Sliced
Shredded

Shredded

~4-4.5 log
CFU/g

Reference
Lokerse et
al, 2016
Mansur et
al, 2015
Lokerse et
al, 2016
Jaxsens et
al, 1999

Francis et al,
2001
Gleeson et
al, 2005
Carrasco et
al, 2008

Li et al,
2002

Shredded

3-4 log CFU/g

7

7 days

< 1 log CFU/g by
day 7

Jaxsens et
al, 1999

Cut

3-4 log CFU/g

5

7 days

~1 log CFU/g
increase by day 7

Koseki et al,
2005

10

7 days

~1.5 log CFU/g
increased by day 7

38-40 hrs

1.25-1.5 log CFU/g
increase by 38 hrs

15
18

Koseki et al,
2005

Commodity

Butterhead
Lettuce (L.
innocua)

Endive

Process
Form

Storage
Temp (°C)

Study
Length

Population Change

20

38-40 hrs

1.5-1.75 log CFU/g
increase by 35-38
hours

25

38-40 hrs

1.5-1.75 log CFU/g
increase by 35-38
hours
2 log increase –
razor blade. 3.5 log
increase - dull knife.
3.7 log increase –
ripped by day 10.

Reference

Cut (dull
knife), Ripped
(by hand),
Sliced (razor
blade)

4-4.5 log CFU/g

8

10 days

sliced

4-5 log CFU/g

10

7 days

1.5 log increase

Carlin et al
1994

Cut

3.2 +/- 0.9 log
CFU/g

7

10 days

0.5 log increase by
10 days

Lokerse et
al, 2016

Chicory, cut

3.2 +/- 0.9 log
CFU/g

7

10 days

2.3 log increase
after 10 days

Lokerse et
al, 2016

Chicory,
shredded

3-4 log CFU/g

7

6 days

~0.5 log CFU/g
increase

Jacxsens et
al, 1999

10 days

~0.5 log CFU/g
increase by day 4,
steadily declined
through day 10

Broad Leaf,
cut

Romaine
Lettuce

Inoculation
Level

3-4 log CFU/g

10

Curly leaf, cut

3-4 log CFU/g

10

10 days

~0.5 log CFU/g
increase by day 4,
slow insignificant
growth through day
10

Shredded

3 log CFU/g

5

10 days

<1 log CFU/g
increase by day 10

25

3 days

3 log CFU/g
increase by day 3

5

10 days

~1 log CFU/g
increase by day 10

25

3 days

2.5-2.9 log CFU/g
increase by day 3

2.1-9.7
(transport
simulation)

2.5 days
(60 hours)

< 0.6 log CFU/g
increase

5 log CFU/g

Shredded

3 log CFU/g

19

Gleeson and
O'Beirne,
2005

Carlin et al,
1994

Oliveira et
al, 2010

Zeng et al,
2014

Commodity

Spinach

Process
Form

Inoculation
Level

Storage
Temp (°C)

Study
Length

Population Change

1.8-18.2
(Storage
simulation)

3.3 days
(80 hours)

3.0 log CFU/g
increase

1.0-14.1
(Display
simulation)

3.3 days
(80 hours)

1.1 log CFU/g
increase

Reference

Kakiomenou
et al, 1998

Shredded

5 log CFU/g

4

14 days

~1 log decrease
across 14 days, no
growth

Shredded
(conventional)

3.2-3.8 log
CFU/g

10

8 days

2.2-2.5 log CFU/g
increase by day 8

Oliveira et
al, 2012

Shredded
(organic)

3.2-3.8 log
CFU/g

10

8 days

2.3 log CFU/g
increase by day 8

Leaves

3.2 +/- 0.09 log
CFU/g

7

10 days

Oliveira et
al, 2012
Lokerse et
al, 2016

Leaves

3 log CFU/g

7

6 days

15

6 days

1.83 +/- 0.2 log
CFU/g

5

~16 days

2.07 log CFU
increase by day 16

10

~12 days

3.06 log CFU/g
increase by day 12

20

~2.5 days
(60 hours)

3.5 log CFU/g
increase by 2.5 days

36

24 hours

5.48 log CFU/g
increase in 24 hours

18

10 hours

0.01 log CFU/g
increase

25

10 hours

0.78 log CFU/g
increase

30

10 hours

1.48 log CFU/g
increase

35

10 hours

2.27 log CFU/g
increase

Baby leaves

Leaves

2 log CFU/g

2 log CFU/g

20

~0.4 log CFU/g
decrease by day 10
0.88 +/- 0.1 log
CFU/g increase by
day 6

Sant'Ana et
al, 2012
Sant'Ana et
al, 2012
Omac et al,
2015

Omac et al,
2015

Mishra et
al., 2017

Commodity

Process
Form

Inoculation
Level

Storage
Temp (°C)

Study
Length

Population Change

40

10 hours

3.16 log CFU/g
increase

Reference

L. monocytogenes growth in cruciferous vegetables was also influenced by
inoculum level, storage temperature, and product form. Literature data collected reviewed
various growth values in cabbage, collard greens, cauliflower, broccoli, and Brussels
sprouts (Table 3). In cabbage, two studies used inoculum levels of 3-3.2 log CFU/g and
observed growth when stored at 7℃ for 6-10 days (Lokerse et al., 2016; Sant’Ana et al.,
2012). Lokerse et al., (2016) resulted in two population increases of 1.7 and 2 log while
Sant’Ana et al., (2012) saw a 0.21 log decrease in L. monocytogenes. The decline in
population was likely due to spot inoculation vs. dip inoculation. In dip inoculation L.
monocytogenes can not only attach to samples but enter the plant internally, spot
inoculation makes this infiltration less likely, limiting overall growth. Additionally, high
concentrations of LAB and mesophilic bacteria on samples could have limited available
nutrients to L. monocytogenes for growth and survival (Sant’Ana et al., 2012). Two other
studies reviewed growth using higher inoculum levels (4-5 log CFU/g) when stored at 45℃ for 6-28 days on shredded, cut, and intact cabbage samples. Results from shredded
samples had the greatest L. monocytogenes population increase of 2.9 log after six days
of storage followed by cut samples increasing 1.4 log by day 14 of storage and finally
decreasing by 0.65-1.03 log on intact samples. The variation in growth between samples
is most likely influenced by the product form, where nutrients and attachments sites are
difficult to access in whole cabbage but easily accessible in shredded cabbage. Overall,
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these results show that RTE cabbage can support L. monocytogenes growth at both
abusive and ideal storage temperatures.
Collard greens and cauliflower were both found to support L. monocytogenes
growth at various storage temperatures. Two studies reviewed collard greens under
abusive temperatures (7 and 15℃) using lower inoculum levels (1-3 log CFU/g) over 6
days (Sant’Ana et al., 2012, 2013). Under both storage temperatures, samples with the
inoculum of 2 log CFU/g increased the most during incubation, increasing by 1.4 log at
7℃ and 5.6 log at 15℃ (Table 3). The study using 3 log CFU/g inoculum spot inoculated
samples compared to immersion inoculation in the study using 1-2 log CFU/g inoculum
levels (Sant’Ana et al., 2012, 2013). Attachment of inoculum likely differed between the
studies, with the immersion inoculation method likely promoting more successful
attachment and growth of L. monocytogenes during experimentation. In cauliflower three
studies reviewed growth when using a 3 log CFU/g inoculation level and storage
temperatures of 4-5℃ over 14-28 days. Results found L. monocytogenes grew between
<1-2.3 log CFU/g (Table 3). The low growth reported by Berrang et al., (1989) was likely
due to using a one strain inoculum compared to a cocktail; the specific strain does not
account for strain-to-strain growth variability. The strain used in the study may not have
grown well at the selected temperature. However, the highest growth (2.3 log) reported
by Tawema et al., (2016) may be considered an outlier as samples were sterilized by
irradiation prior to inoculation, eliminating any competitive background microbiota that
may have limited L. monocytogenes growth. Because Pinton et al., (2020) did not wash
samples and spot inoculated product, the 1.6 log increase may be most representative of
L. monocytogenes growth in processed cauliflower. At higher temperatures if 12 and
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15℃ L. monocytogenes populations increased by 1.9 and 3 log in two studies when
stored over 10 to 14 days (Berrang et al., 1989; Pinton et al., 2020). These results can be
considered comparable when storage time and difference in temperatures are considered.
Broccoli florets were found to support L. monocytogenes growth at both ideal and
abusive temperatures. Three studies using a 3-4 log CFU/g inoculation level observed
growth on sample held at 4℃ for 13-28 days. Final growth ranged from < 1-2.2 log
CFU/g. The lower growth reported by Berrang et al., (1989) was likely due to a short dip
inoculation (1 min) and the use of only one strain of L. monocytogenes. Compared to
Pinton et al., (2020) where unwashed product was spot inoculated with a five-strain
cocktail of L. monocytogenes, growth would likely be less as one strain of the pathogen
likely would not be as robust as a cocktail with varying growth behaviors and
interactions. The highest growth value reported by Severino et al., (2014) was likely due
to sterilizing the florets by irradiation prior to inoculation, removing competitive
microbiota. Once packaged, the sterilized florets were surface inoculated with a fivestrain cocktail in the bag, likely allowing for greater attachment to florets compared to
spot inoculation (Severino et al., 2014). Without competitive microbiota and a better
chance for attachment, it is not unexpected this study saw the greatest increase in L.
monocytogenes populations. These experimental methods should be considered before
relating the resulting growth behavior to actual RTE processing. At 4℃ with a higher
inoculum (4-5 log CFU/g) L. monocytogenes grew by 4.6 log CFU/g in 12 days (Takala
et al., 2013). This value can be considered an outlier due to the experimental sterilization
of florets by irradiation, and an extended dip inoculation (5 min) followed by a 30-minute
drying period. These methods likely allowed for successful L. monocytogenes attachment
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and infiltration into the florets without competition from background microbiota and at a
high inoculum level. Therefore, these results are not accurately representative of a typical
RTE processing system. At abusive temperatures of 12 and 15℃ L. monocytogenes grew
1.4 and 3 log over 14 and 10 days, respectively (Berrang et al., 1989; Pinton et al., 2020).
When considering the difference in storage times and temperatures, these values are
comparable, showing broccoli stalk can support L. monocytogenes growth at abusive
temperatures. This research was limited by using sterilized broccoli florets, and single
strain inoculums. Further research should include multi-strain cocktails, and
commercially processed samples to simulate realistic background microbiota
concentrations, exuded nutrients, and open attachment sites for L. monocytogenes
contamination and growth. Additionally, future studies should review L. monocytogenes
growth on shredded broccoli stalk at both ideal and abusive temperatures as it is a
popular inclusion in RTE salads.
Only one study was found observing growth of L. monocytogenes in Brussels
sprouts. Using an inoculum level of 3-4 log CFU/g, trimmed, whole Brussels sprouts
were held at 7℃ for 6-7 days (Jacxsens et al., 1999). Populations increased <0.9 log
CFU/g by the end of incubation, showing under abusive temperatures, growth of L.
monocytogenes is not supported by whole Brussels sprouts. The research was limited to
one storage temperature, and whole Brussels sprouts compared to cut or shredded
brussels sprouts, both recently popular inclusions in RTE salads. Future research should
include studying L. monocytogenes growth behavior in RTE Brussels sprouts, and storage
temperatures ≤ 5℃, and ≥ 7℃.
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Table 3: L. monocytogenes growth in RTE cruciferous vegetables at various storage
temperatures and times
Commodity

Process
Form

Inoculation
Level

Storage
Temp
(°C)

Study
Length

Population
Change

Reference

Cabbage

Oxford
cabbage,
shredded

3.2 log
CFU/g

7

10
days

2 log CFU/g
increase by day 10

Lokerse et
al, 2016

White
cabbage,
shredded

3.2 log
CFU/g

7

10
days

1.7 log CFU/g
increase by day 10

Lokerse et
al, 2016

Shredded

3 log CFU/g

7

6 days

0.21±0.9 log CFU/g
decrease by day 6

15

6 days

0.85 log CFU
increase by day 6

Shredded

4-5 log
CFU/g

4

6 days

2.9 log CFU/g
increase

Cut

5-6 log
CFU/g

5

28
days

Maximum increase
of 1.4 log CFU/g by
day 14

5

28
days

Decrease of 0.651.03 log CFU/g by
day 28

7

6 days

0.3 log CFU/g
increase by day 6

15

6 days

3.34 log CFU/g
increase by day 6

7

6 days

1 log CFU/g
increase by day 6

15

6 days

Increase of 4.3 log
CFU/g

7

6 days

1.8 log CFU/g
increase

15

6 days

5.6 log CFU/g
increase

Intact
Collard Greens

Cut

Cut

3 log CFU/g

1 log CFU/g

2 log CFU/g

Broccoli

Sant'Ana
et al, 2012
Javonovic
et al, 2016

Ells et al,
2010

Sant'Ana
et al, 2012

Sant'Ana
et al, 2013

Florets, cut

~5 log
CFU/g

4

12
days

4.6 log CFU/g
increase

Takala et
al, 2013

Florets, cut

~3 log
CFU/g

4

13
days

2.2 log increase by
day 13

Severino
et al, 2014

Florets, cut

~3 log
CFU/g

4

28
days

1.4 log CFU/g
increase by day 28

Pinton et
al, 2020
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Commodity

Process
Form

Florets, cut

Cauliflower

Brussels sprouts

Florets, cut

Inoculation
Level

3-4 log
CFU/g

~3 log
CFU/g

Storage
Temp
(°C)

Study
Length

Population
Change

12

14
days

1.4 log CFU/g
increase by day 14

23

4 days

2.2 log increase by
day 4

4

21
days

< 1 log CFU/g
increase by day 21

15

10
days

~3 log increase by
day 10

4

28
days

1.6 log CFU/g
increase by day 28

12

14
days

1.9 log CFU/g
increase by day 14

23

4 days

2.5 log CFU/g
increase by day 4

Florets, cut

~3-3.5 log
CFU/g

5

14
days

~2.3 log CFU/g
increase by day 14

Florets, cut

2-3 log
CFU/g

4

21
days

< 1 log CFU/g
increase by day 21

3-4 log
CFU/g

15

10
days

~3 log increase by
day 10

3-4 log
CFU/g

7

6-7
days

< 0.9 log increase
by day 7

Whole,
trimmed

Reference

Berang et
al, 1989

Pinton et
al, 2020

Tawema
et al, 2016
Berang et
al, 1989
Jacxsens
et al, 1999

2.3 Physical Abuse during Storage and Distribution of RTE produce
2.3.1 Effects of Physical Abuse during Storage and Transport on produce
Physical abuse during storage and distribution including compression, impact and
vibration forces can result in bruises, abrasions, and puncture wounds, disrupting the
cellular structure of fresh produce and influencing pathogen growth. Damage to
protective epidermal structures can result in plant fluid leakage exposing nutrients, water,
and open bacterial attachment sites increasing the risk of rapid proliferation (Brandl,
2008; Koukkidis et al., 2017). Punctures and cuts can also be entry sites for a pathogen.
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Once internalized, pathogens can continue to grow, and survive process sanitation steps.
This creates an opportunity for later cross-contamination of other produce and machinery
during RTE processing (Warning & Datta, 2013).
Compression, impact and vibration forces have been found to affect produce
differently depending on produce variety, ripeness, and storage conditions (Berardinelli et
al., 2005; Chen et al., 1986; Shirmohammadi & Yarlagadda, 2013). Compression forces
are usually due to stacked boxes weighing on base level cases in a pallet, pallet stacking,
or fresh produce weighing down on produce at the bottom of harvest bins. While
compression forces are more static impact forces are typically observed during dynamic
actions like manual harvest, handling of cases (drops), pallet picking and retail placement
of product. Both types of forces were researched in two studies observing pumpkins and
pears. The studies suggest that impact forces can cause deep, localized peel and flesh
damage, while compression causes broad, shallow bruising and cellular deformation
(Chen et al., 1986; Shirmohammadi & Yarlagadda, 2013). Shirmohammadi et al. (2013),
took samples of pumpkin peel (unripe) and pumpkin flesh (ripe) and exposed the samples
to compression loads, and impact forces. A scanning electron microscope was used to
evaluate cellular structure of the samples and showed compression forces resulted in
cellular disruption and compression across entire flesh and peel samples while impact
forces causes localized punctures. Flat end indenters caused punctures in both flesh and
peel however, spherical indenters did not penetrate peel samples (Shirmohammadi &
Yarlagadda, 2013). Had peels been sampled from ripe portions of the pumpkin, results
may have differed, indicating ripeness can affect damage severity of physical abuse to
produce. Asian pears saw similar compression results in another study (Chen et al.,
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1986). Four varieties of Asian pears were harvested and allowed to mature in a ripening
room at 20℃ for up to four days. Two of the four varieties lost firmness during ripening
and became less susceptible to impact and compression bruising, showing variety, and
ripeness, due to storage conditions can influence the degree of damage to produce. Bruise
patterns were evaluated and found impact forces created star shaped bruises with radial
spikes through the fruit flesh but did not puncture the peel. Parabolic, shallow bruises
formed in the pears due to compression. It was noted that load rate (speed of compression
weight added) significantly affected product quality, indicating harsher drops or impacts
would incur greater damage.
Compared to compression and impact forces, vibration may cause the least
amount of damage to produce. Vibration damage is typically seen during transportation
and is limited to light bruising and skin discolorations (Berardinelli et al., 2005).
Berardinelli et al, 2004 exposed three pear varieties (Abate, Conference, and Decana) to
low frequency vibration for 12 hours at 4℃ to simulate a medium-long transport in a
refrigerated trailer with air-ride suspension. After vibration testing, pears were held at
20℃ for eight days then assessed for physical damage. Damaged percentages were 25%,
36% and 28% for Abate, Conference and Decana varieties, respectively. Abate and
Decana pears generally received skin darkening with few pears considered to be bruised.
However, bruises and darkening were larger in comparison to Conference pears
(Berardinelli et al., 2005). The article demonstrates that variety can significantly affect
the type and severity of damage incurred by physical abuse during transportation.
Ripeness likely added to the difference in bruising and discoloration between pears. The
varieties began experimentation at varying firmness and brix levels, likely affecting the
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rate of continued ripening in during 20℃ storage and susceptibility to damage and
developing bruises. The effect of storage temperature combined with vibration abuse
demonstrates how both thermal and physical abuse during storage and distribution can
alter produce cell structure. This can create opportunities for pathogens, like L.
monocytogenes, to establish residence in produce and multiply rapidly, increasing risk of
infection to consumers. Research on pumpkins and pears is not easily applicable to RTE
vegetables like leafy greens and cruciferous items but do illustrate the type of physical
abuse that can occur in lieu of studies on RTE produce. L. monocytogenes growth in
typical salad lettuces when held in static storage conditions have been studied
extensively, however, no studies were found observing L. monocytogenes growth in
newer RTE produce under dynamic storage conditions. Lack of research on new RTE
produce ingredients and the effects of storage and distribution on RTE produce, provide
reason for further research surrounding the effects of storage and distribution on L.
monocytogenes growth in RTE produce.

2.3.2 Effects of Intentional Processing Damage on RTE Produce and L.
monocytogenes growth
Research has shown that intentional physical damage during processing (cutting
or shredding produce) results in greater exposure of nutrients, water, and bacterial
attachment sites, increasing risk of pathogen growth in RTE produce compared to less
severe, unintentional mechanical injuries during storage and distribution (bruises and
puncture wounds) (Brandl, 2008; Koukkidis et al., 2017). A study observed changes in
pathogen populations on romaine lettuce leaves inoculated with E. coli O157:H7 that
were bruised, cut, or shredded and held at ambient temperature for up to 40 hours (28℃).
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In the bruised, cut, and shredded samples E. coli O157:H7 populations increased by 3.99,
4.54 and 11.05 times, respectively (Brandl, 2008). Shredded and cut samples resulted in
greater E. coli growth compared to bruised samples, indicating intentional damage during
processing can increase the risk of pathogen growth in RTE produce. Likely, more
nutrients, water and attachment sites were exposed with harsher processing, giving reason
to implement mitigation strategies during and after processing fresh produce. The study
was limited to observations of growth at ambient temperatures, had the study included
observations at temperatures ≤ 5℃ less growth of E. coli O157:H7 would have been
expected. Not only does intentional processing damage affect growth of pathogens in
RTE produce but can increase the risk of pathogen survival in wash water due to released
nutrients (Koukkidis et al., 2017). Koukkidis et al., (2017), found exposure to freed
nutrients in water solutions significantly affected the behavior of Salmonella enterica in
mixed salad and spinach. The study exposed Salmonella enterica to water supplemented
with salad juice (liquid released by RTE salad mixes post-processing) from 2-20% when
held at 4℃. Results found the pathogen to have enhanced attachment to leafy greens,
greater biofilm development and increased population concentrations under refrigerated
storage conditions after exposure to the nutrient-water solutions. Higher strengths of each
behavior were correlated with higher salad juice concentrations. The study shows
intentional damage during processing not only can increase risk of pathogen growth in
RTE produce but can increase pathogen survival in RTE produce during cold storage
(Koukkidis et al., 2017).
Similar to previously mentioned findings, research specific to Listeria
monocytogenes in RTE produce shows that intentional processing damage can promote L.
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monocytogenes growth, with extent of growth dependent on process severity and produce
type (Bardsley et al., 2019; Ells & Truelstrup Hansen, 2006; Takeuchi & Frank, 2000).
Important to recognize is Listeria monocytogenes’ preference to attach to cut surfaces.
Studies show L. monocytogenes attached more successfully to cut surfaces of shredded
cabbage and cut iceberg lettuce versus whole intact surfaces of the produce, showing
intentional processing damage can increase risk of L. monocytogenes attachment and
growth (Ells & Truelstrup Hansen, 2006; Takeuchi & Frank, 2000). The attachment
behavior is compounded by produce type as intrinsic factors of produce can significantly
affect L. monocytogenes growth. Two separate studies observed L. monocytogenes
growth in sliced cucumbers and shredded iceberg lettuce, respectively, and results show
how produce type significantly affects growth (Bardsley et al., 2019; Li et al., 2002).
Sliced cucumbers were held at 4⁰C over 21 days and resulted in a 2.9 log CFU/g
population increase of L. monocytogenes by the end of incubation time (Bardsley et al.,
2019). Comparatively, no change in L. monocytogenes populations were seen in shredded
iceberg lettuce by the end of 18 days when held at 5℃ (Li et al., 2002). Even with
iceberg under a higher storage temperature and having received harsher intentional
processing, L. monocytogenes grew more effectively in cucumbers than shredded iceberg
lettuce demonstrating extent of growth to be vegetable dependent. This difference was
likely due to a series of intrinsic factors like differing background microbiota, nutritional
profiles, moisture content, and microarchitecture of the produce.
Processing equipment and process type (cutting, slicing, shredding, or juicing)
have been shown to influence L. monocytogenes growth in RTE produce (Gleeson &
O’Beirne, 2005; Huang et al., 2019). The two studies show understanding the severity of
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intentional processing damage is essential in determining L. monocytogenes growth
behavior in RTE produce. Gleeson et al., (2005) inoculated butterhead lettuce with L.
innocua and processed the lettuce by using a razor blade, blunt knife, or hand tearing to
simulate varying degrees of processing severity. Results found harsher processing
simulations (blunt knives or hand tearing) resulted in 1.2 log CFU/g greater growth
compared to the less harsh processing condition (razor blade) (Gleeson & O’Beirne,
2005). Lower populations in razor blade samples were likely due to clean cuts delivered
by a sharper blade. The razor blade caused less cellular damage, limiting sites for
bacterial colonization and fluid leakage compared to wounds delivered by blunt knives
and manual tearing. L. innocua grew to a greater final population when harsher
intentional processing was used showing severity of damage due to processing affects
Listeria growth (Gleeson & O’Beirne, 2005). Varying degrees of processing severity and
damage can result in varying levels of nutrient expulsion affecting L. monocytogenes
growth in RTE produce. Another recent study compared L. monocytogenes growth in
fresh-cut items, and the respective produce juices. In cubed radishes, no growth of L.
monocytogenes was observed over seven days across an array of storage temperatures
(4⁰C, 8⁰C, 12⁰C, and a combination of 35⁰C and 12⁰C). However, in radish juice, L.
monocytogenes was found to have a calculated maximum population of 9.36 log
CFU/ml after ~18 hours of incubation at 37℃ (Huang et al., 2019). The change in growth
behavior can be attributed to the extensive processing and damage incurred while juicing
radishes. Nutrients and water were released and made easily accessible to L.
monocytogenes in solution, whereas in the cubed form, the bacteria were less able to
extract nutrients and water, inhibiting population growth (Huang et al., 2019). Intentional
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damage during processing can expose nutrients and attachment sites for L.
monocytogenes to colonize and grow, but the pathogen’s growth behavior is also
dependent on the quality of nutrients released and other intrinsic factors of each vegetable
type. Research surrounding process severity on L. monocytogenes growth in RTE
produce has been mainly limited to common leafy greens. Further investigation is needed
to determine the risk of L. monocytogenes growth in new popular RTE produce like
Brussels sprouts, broccoli stalk, beet greens, and kale.

2.4 Other factors affecting L. monocytogenes growth
2.4.1 Intrinsic factors of RTE Produce
Specific product characteristics like pH, water activity, and nutritional
composition of RTE produce have been shown to affect L. monocytogenes growth (IFT &
FDA, 2001; Koseki & Isobe, 2005a). L. monocytogenes can continue to grow in products
that have a water activity > 0.92, and pH values between 4.39-9.4. Typical water activity
values for produce range from 0.97-1 and pH values between 4.2-6.5 making produce a
suitable environment for L. monocytogenes growth, causing concern for the RTE produce
industry (IFT & FDA, 2001). Research has also shown nutritional composition,
specifically protein content, of RTE produce can help determine if the product will
support L. monocytogenes growth (Koseki & Isobe, 2005a). This is important to
understand as nutrients and moisture are expelled due to intentional processing damage,
becoming more available to L. monocytogenes in contaminated products. Compounded
by thermal abuse during storage and distribution, RTE produce with higher protein
concentrations can promote greater L. monocytogenes growth compared to less nutrient
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dense produce. In a study comparing L. monocytogenes growth in agar plates containing
1.7% added sucrose with no added protein, cut iceberg lettuce (0.6-0.9% protein), and
tryptic soy agar plates (high in organic nitrogen) when incubated at 15℃ results showed
nitrogen content (related to protein content) to be a key factor in either supporting or
inhibiting L. monocytogenes growth. Both in the iceberg lettuce and sucrose
supplemented agar plates L. monocytogenes growth was inhibited. Comparatively, tryptic
soy agar plates supported a ~5 log increase during storage (Koseki & Isobe, 2005a).
Protein content varies within common RTE vegetables, giving reason to study vegetables
individually to determine L. monocytogenes growth potential (Table 4). Common leafy
greens including butterhead, romaine, radicchio, red and green leaf lettuces have similar
protein contents ranging from 1.33-1.43% by weight, with iceberg lettuce having the
lowest in protein content at 0.9% (Table 4). Cabbages remain in a similar range to the
common leafy greens while dark leafy greens, like spinach, beet greens and kale have
higher protein contents (2.2-4.38%) (Table 4). Broccoli and Brussels sprouts have higher
protein concentrations (2.38 and 3.38%, respectively) and are becoming common
inclusions in salad blends, supporting the need for research surrounding L.
monocytogenes growth in unconventional RTE vegetables (Table 4). Lower water
percentage and higher carbohydrate content accompany higher protein concentrations in
kale, spinach, beet greens, broccoli stalk, and Brussels sprouts, offering greater
nutritional resources for L. monocytogenes proliferation in contaminated products (Table
4). Further research is needed to understand how produce nutrition in combination with
other intrinsic factors, such as antimicrobial compounds, and natural background
microbiota affect L. monocytogenes growth in RTE produce.
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Table 4: Nutritional composition of common RTE salad ingredients
Ingredient

Protein (%)

Carbohydrate (%)

Water (%)

Source

Iceberg Lettuce

0.9

2.97

95.64

*USDA, ARS 2019

Butterhead Lettuce

1.35

2.23

95.63

USDA, ARS 2019

Romaine Lettuce

1.39

3.78

93.47

USDA, ARS 2020

Radicchio

1.43

4.48

93.14

USDA, ARS 2020

Red Leaf Lettuce

1.33

2.26

95.64

USDA, ARS 2019

Green Leaf Lettuce

1.36

2.87

94.98

USDA, ARS 2019

Spinach

2.86

3.63

91.4

USDA, ARS 2020

Red Cabbage

1.43

7.37

90.39

USDA, ARS 2020

Green Cabbage

1.28

5.8

92.18

USDA, ARS 2020

Broccoli

2.82

6.64

89.3

USDA, ARS 2020

Kale

4.28

8.75

84.04

USDA, ARS 2020

Brussels sprouts

3.38

8.95

86

USDA, ARS 2020

Beet greens

2.2

4.33

91.02

USDA, ARS 2020

*USDA ARS = United States Department of Agriculture, Agriculture Research Service, FoodData Central

2.4.2 Antimicrobial Compounds
Natural antimicrobial compounds are found in fruits and vegetables with some
having antilisterial properties including carrots, and cruciferous vegetables (Beuchat &
Brackett, 1990; Francis & O’Beirne, 2001; Jacxsens et al., 1999; Sant’Ana et al., 2012).
Carrots contain a combination of antilisterial compounds found in the juice and flesh that
are active over a pH range of 5.8 to7.0 and have greatest inhibitory action at lower
storage temperatures (eg. 4°C) (Beuchat & Brackett, 1990; Nguyen‐the & Lund, 1992;
Noriega et al., 2010). Populations of L. monocytogenes in both shredded, chopped or
grated carrots alone, and in vegetable blends including processed carrots have been
reported to decline or have inhibited growth during storage at 4°C (Farber et al., 1998;
Francis & O’Beirne, 2001; Jacxsens et al., 1999; Kakiomenou et al., 1998; Sant’Ana et
al., 2012). Farber et al., (1998) held inoculated coleslaw blends (carrots and cabbage) at
4°C for 14 days and found minimal growth, ~1 log CFU/g, of L. monocytogenes by the
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end of storage, likely due to the presence of carrots (Farber et al., 1998). Comparatively,
another study reported a population reduction of 2 logs CFU/g over twelve days at 4°C in
a coleslaw blend (Francis & O’Beirne, 2001). The difference in L. monocytogenes
reduction between the two studies may have been coleslaw composition, the percentage
of carrots and type of cabbage in each mix is unknown for both studies. In both cases the
pathogen growth was limited or reduced, likely due to the presence of carrots.
L. monocytogenes inhibition can also occur by the decomposition of
glucosinolates to the compound allyl isothiocyanate in cruciferous vegetables (Bhandari
et al., 2015). Glucosinolates are sulfur-containing precursors to antimicrobial compounds
often responsible for distinct flavors and bitterness of Brassica (often cruciferous)
vegetables. Myrosinase, an endogenous plant enzyme, hydrolyzes glucosinolates into
various bioactive molecules such as isothiocyanates and nitriles once the plant tissue is
damaged (Borges et al., 2015). These compounds have an array of biological roles, with
isothiocyanates acting as potent antimicrobials (Bhandari et al., 2015). Of the identified
isothiocyanates, allyl isothiocyanate (AITC) is an effective antimicrobial found in
commonly consumed cruciferous vegetables such as broccoli, cauliflower, Brussels
sprouts, kale, mustard spp., and cabbage (Bhandari et al., 2015; Kyung & Fleming,
1997). In purified forms, allyl isothiocyanate has been shown to effectively limit
background microbiota growth, as well as both gram-positive and gram-negative human
pathogens including L. monocytogenes (Banerjee et al., 2015; Borges et al., 2015; Lin et
al., 2000). Similarly, research has shown Listeria growth was inhibited in fresh mixtures
of RTE vegetables that included cruciferous items (Farber et al., 1998; Sant’Ana et al.,
2012). A study reviewing Listeria growth in RTE stir-fry blend (broccoli, cauliflower,
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carrots, and celery) stored at 4°C for nine days found the pathogen grew < 1 log CFU/g
(Farber et al., 1998). Similar results were seen in an RTE yakisoba mix (Japanese stirfry). A combination of broccoli, cabbage, cauliflower, leeks, carrots, and chard incubated
at 7°C resulted in L. monocytogenes increase of 0.38 ± 0.8 CFU/g after six days
(Sant’Ana et al., 2012). In both studies, L. monocytogenes was unable to grow >1 log
CFU/g indicating inhibitory factors limited growth, likely due to the presence of allyl
isothiocyanate and carrots.
2.4.4 Background microbiota
The effect on L. monocytogenes growth by background microbiota in RTE
vegetables is unclear as studies have shown the influence being null, supportive, and
inhibitory (Carlin et al., 1995; Carrasco et al., 2008; Gleeson & O’Beirne, 2005; Lokerse
et al., 2016; Ongeng et al., 2007; Sant’Ana et al., 2012). Studies observing L. innocua
growth in butterhead and iceberg lettuce found background mesophilic bacteria did not
affect growth in either vegetable (Carrasco et al., 2008; Gleeson & O’Beirne, 2005).
Both L. innocua and microbiota grew similarly at ideal (5℃) and abusive (13℃)
temperatures indicating a lack of competition. The authors reasoned this occurred as the
environment was appropriate and beneficial to both background microorganisms and L.
innocua (Carrasco et al., 2008; Gleeson & O’Beirne, 2005). Similar results were seen in
cut cabbage, where cohabitation of L. monocytogenes and a cocktail of isolated natural
microorganisms was observed when stored at 4°C (Ongeng et al., 2007). L.
monocytogenes increased by ~1.7 log CFU/g when inoculated with and without the
background microbiota cocktail, demonstrating growth was unaffected by microbiota
presence (Ongeng et al., 2007). Potentially supportive behavior from microbiota was seen
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in fresh endive when higher L. monocytogenes growth was correlated with higher
concentrations of aerobic bacteria (Carlin et al., 1995). The aerobic bacteria in the study
were considered to the cause of spoilage of endive leaves after seven days of storage at
10°C, which may have enhanced nutrient availability to L. monocytogenes. However,
authors discovered L. monocytogenes was able to grow despite varying concentrations of
background microbiota (Carlin et al., 1995). Lactic acid bacteria in high concentrations
have been shown to be inhibitory towards L. monocytogenes growth in white cabbage,
arugula, cabbage and green salad, however, inhibition only occurred when products were
stored at abusive temperatures (7 and 15℃) (Lokerse et al., 2016; Sant’Ana et al., 2012).
Authors presumed inhibition likely occurred due to competition for nutrients, and LAB’s
production of organic acids and other toxins (Sant’Ana et al., 2012).
2.5 Conclusions
L. monocytogenes is a constant concern for the RTE produce industry. Intentional
and unintentional physical damage during processing, storage, and distribution can
increase the risk of L. monocytogenes growth in contaminated products. Compounding
growth risk, is thermal abuse occurring during storage and distribution, supporting the
need for research of L. monocytogenes behavior during storage and distribution
simulations. Predicting L. monocytogenes growth in products is difficult as growth is
often vegetable dependent due to intrinsic factors. Without known growth data, riskbased decisions in industry are not science based. In combination with physical and
thermal abuses, new unstudied RTE vegetables are arriving on the market, supporting the
need to further research L. monocytogenes growth potentials in new uncommon
ingredients. Therefore, it is important to understand how the effects of both thermal and
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physical abuse during storage and distribution affect L. monocytogenes growth in new
RTE produce items like Brussels sprouts, broccoli stalk, beet greens and kale.
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CHAPTER 3: Effect of storage and distribution on Listeria innocua growth in nontraditional salad ingredients
3.1 Introduction
Consumption of fresh vegetables in the U.S. increased by 20.6% from 2008 to
2017 (The Food Institute, 2017). This increase in consumer demand for convenient and
healthy options has prompted the development of RTE vegetable products, including prepackaged salads. The 11.2 billion-dollar industry grew to meet consumer requests for
bold flavors by including unconventional ingredients like broccoli stalk, beet greens, kale
and Brussels sprouts in RTE salads (Himmelheber, 2019). However, RTE salads are sold
in a raw form, with no heat or kill step during processing. The industry is challenged to
prevent initial contamination and use refrigeration to limit pathogen growth as the main
controls for raw produce.
A rise in produce related recalls and outbreaks due to pathogenic contamination
highlights the need for better understanding of pathogen growth in fresh produce.
Between 2010 and 2018 a total of 242 outbreaks associated with fresh produce and
foodborne pathogens occurred in the United States (CDC, 2018). Of particular concern
to the RTE salad industry is Listeria monocytogenes, a Gram-positive facultative
anaerobe that can survive, and continue to grow, in refrigerated environments (FDA,
2012a). L. monocytogenes has a higher infective dose compared to other known
foodborne pathogens, therefore, its ability to grow during a product’s shelf life is
concerning for consumer infection (Van Stelten et al., 2011). L. monocytogenes infections
also have a high mortality rate (25-30%) and are one of the leading causes of foodborne
illness deaths in the United States (FDA, 2012a). Product contamination with L.
monocytogenes can occur anywhere from harvest to final packaging of RTE products.
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Current washing technologies implemented in RTE processing can reduce microbial
loads but do not eradicate all bacteria. Without a kill step, L. monocytogenes can persist
in fresh-cut produce and grow to infective levels. L. monocytogenes growth in common
leafy greens has been researched extensively, however recently popular ingredients
including beet greens, kale, broccoli stalk, and Brussels sprouts have not been studied
thoroughly (Francis & O’Beirne, 2001; Huang et al., 2019; Kakiomenou et al., 1998;
Koseki & Isobe, 2005a). Understanding if L. monocytogenes growth is supported by new
vegetable inclusions, and how the growth is influenced by environmental stressors during
storage and distribution is pertinent to determining risk in RTE produce.
Both physical and thermal abuse can affect RTE products during storage and
distribution. Physical abuse can include vibration, compression, and shock damages due
to truck movements, pallet or product stacking, and manual drops or handling,
respectively. Standardizations for testing packaging integrity developed by entities, such
as the International Safe Transit Association (ISTA) and the American Society for
Testing and Materials (ASTM), offer some insight into what a product encounters in
specific distribution systems. How these factors affect pathogen growth has not been
investigated. The physical abuse combined with known temperature fluctuations ranging
from <0°C to 18°C during storage and distribution have the potential to promote L.
monocytogenes growth in RTE produce (W. Brown et al., 2016; Zeng et al., 2014).
Understanding the effects of storage and distribution abuse factors is critical to
determine L. monocytogenes growth risk in new RTE produce items and prevent future
recalls and outbreaks. This study aimed to determine the growth of a non-pathogenic
surrogate for L. monocytogenes, L. innocua, in new salad ingredients when exposed to
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simulated retail storage and distribution conditions. The objective of this study was to
determine the impact of thermal and physical abuses during storage and distribution on L.
innocua growth behavior in RTE beet greens, broccoli stalk, Brussels sprouts, and kale.

3.2 Materials and Methods
3.2.1 Produce Samples
Fresh packed pre-cut Brussels sprouts(shredded), beet greens(chopped), broccoli
stalk(shredded) and kale(chopped) were obtained from a local manufacturer. Produce
samples were packaged in retail film and placed in commercial transport cases to
replicate packaging during storage and distribution cycles (Table 5). Product was
transported to Cal Poly’s food science pilot plant facility and stored at 4°C. Samples were
used within 24 hours of arrival.
Table 5: Commercial packaging matrices by vegetable
Bag Net
Weight
(oz)

Case Dimensions

Bags/Case

Vegetable

Bag Dimensions

Broccoli stalk

7" W x 9" H x 3" D

12

16.25" L x 11.75" W x 5.25" H

6

Brussels sprouts

7" W x 9" H x 3" D

12

16.25" L x 11.75" W x 5.25" H

6

Beet greens

8" W x 10" H x 3" D

12

16.25" L x 11.75" W x 5.25" H

6

Kale

8" W x 10" H x 3" D

12

16.25" L x 11.75" W x 5.25" H

6

3.2.2 Listeria innocua preparation
Five strains of Listeria innocua, were used to create a cocktail inoculum. The
cocktail included strains B-33003 (California), B-33314 (turkey, ham, cheese deli sticks),
B-33554 (food isolate), B-33192 (wheat processing plant) and C2-0008 (fish processing
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plant). Strains were stored at -70°C and were taken directly from frozen storage to be
streaked on tryptic soy agar (TSA) plates at time of inoculum preparation. Plates were
incubated at 35⁰C for 24h. After incubation colonies from incubated plates were
transferred to tryptic soy broth (TSB), and incubated at 35⁰C for 24h. A loop of culture
was transferred to a second consecutive broth. Following the second TSB incubation,
strains were pooled to form a cocktail, washed twice by centrifugation (3000 rpm, 15
min) with 0.1% peptone water, and then re-suspended in 25 ml of 0.1% peptone water.
The initial cell concentration was determined using a Direct Microscope Count (DMC)
and then the concentration adjusted using 0.1% peptone water to achieve a target
concentration of 2-3 log CFU/g across vegetable samples. Initial inoculum concentration
was confirmed through TSA plate counts.
3.2.3 Product inoculation
Packaged samples were pulled directly from the 4℃ storage and prepared for
inoculation. Sample packages were sprayed with 70% ethanol prior to inoculation to
sanitize the bag surface. Under a biosafety cabinet, sterile serological syringes and
needles were used to deliver one milliliter to the front top of the bag, and one milliliter to
the base of the package on the reverse side. Puncture sites were sealed using masking
tape and samples were manually agitated to disperse the inoculum.
3.2.4 Simulated Storage and Distribution Abuse
Immediately following inoculation, samples were transferred to Cal Poly’s
Packaging Dynamics Lab. To simulate expected physical abuse in the storage and
distribution cycle, packaging performance testing protocols were used. Testing followed
the International Safe Transit Association (ISTA) 3F (Packaged product for a
distribution center to retail outlet shipment 100 lb (45 kg)) standard. Samples were
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subjected to one cycle of testing per experiment, simulating the one-way transportation of
RTE items from distribution sites to retail establishments.

3.2.4a Testing Procedure
Following the testing schedule of ISTA standard 3F each case was subject to the
forces summarized in Table 6. Final drop orientation was different for each case (Table
6).
Table 6: Physical abuse simulation stresses in sequential order
Test
Atmospheric Conditioning
Shock Testing
Compression Testing1

Vibration Testing2

Conditions
4℃, 90% RH, 12-18 hours
12" drop(x3), 30" drop(x3)
12 lb/ft3 load on top of case in 108" trailer, Test force = 0.007
x (108-H) x L x W x 5
Grms = 0.54, table stroke = 1.777 in peak-peak, 30 minutes,
triple stacks(x2): Face 3 of case on bottom (x3) + face 3, 4,
and 6 on bottom

18" drops on face 3. Following drops for each of 6 packages
Shock Testing3
from 24": 3, 3-4-5, 3-6, 2-3-5, 2-3 and 2-5
1
Table 1: 0.007 lb/in3 = average density of freight, 5 = a compensating factor to account
for effects not tested, such as stacking pattern, long-duration loading, etc. 2The root
mean square acceleration (Grms) is the square root of the area under the acceleration
spectral density curve in the frequency domain. 3Sequence of numbers are the sides or
corners of a commercial case to receive initial impact of the drop.
3.2.4b Conditioning
Directly after inoculation samples were placed in a temperature and humiditycontrolled chamber for a 12-18hr conditioning at 4℃ with 90% relative humidity. With
conditioning completed, following ISTA 3F schedule, cases were subject to drop,
compression, vibration, and a final drop abuse series in that order. The sequence of
abuses was done consecutively without any delay between abuses.
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3.2.4c Drop testing
Cases were subjected to shock testing through a series of initial drops using a free
fall precision drop tester (Lansmont Corporation, Monterey, CA, USA; Figure 2). Each of
six cases tested were dropped on the bottom (face 3) of the case from a 12” height and
30” height (Figure 1).

Figure 1: Face(black), edge(purple) and corner(red) identification of a typical product
case.

Figure 2: Gravitational free fall tester (Lansmont Corporation).
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3.2.4d Compression Testing
Following the ISTA 3F standard, a fixed platen on a compression tester
(Lansmont Corporation, Monterey, CA, USA; Figure 3) was used to apply the calculated
compression force at a constant rate (0.5”/min) to the tops (Face1) of sample cases until
total compression force was reached. Maximum test force was calculated based on case
dimensions and known constants to account for untested factors and average freight
density.
Eq 1: Compression test force = 0.007 x (108-H) x L x W x H

Figure 3: Compression tester with sample case, application of compression force
3.2.4e Vibration Testing
Random vibration was used to simulate packages being transported in a springloaded truck. The programmed profile (ISTA Steel Spring Truck) included random
changing of frequencies between 1-200 Hz, and required a root mean square acceleration
(Grms) of 0.54. Cases labeled one through three were stacked vertically, with case one at
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the base of the stack and case three at the top. Stacked cases had the bottom of the case
(face 3) parallel to the vibration table. Case four tested with the bottom parallel with the
table, case five with the side of the case (face 4) on the table and case six with the end of
the case (face 6) on the table (Figure 2). Cases four through six were not stacked and all
cases were restrained to prevent horizontal movement but not to restrict vertical
movement. Vibration duration was 30 minutes.

Figure 4: Vibration test case orientation
3.2.4f Final Drop Testing
The abuse series concluded with a second drop series. Each case was dropped
from 18” on the bottom of the case (face 3). Further drops from 24” were used to test
different angles on each of the six cases tested. Cases were dropped on faces, corners, or
edges of the case (Table 7).
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Table 7: Case orientation for final 24" shock test
Case Number
1
2
3
4
5
6

Drop Orientation*
Face 3
Corner, 3-4-5
Edge, 3-6
Corner, 2-3-5
Edge, 2-3
Edge, 2-5
*Numbers indicate face intersections (Figure 1)
3.2.4g Sample Storage and Shelf Life
After abuse testing, cases were randomly assigned between two temperature
treatments, 8°C and 4°C, using Excel’s randomization function (Microsoft Office,
Redmond, Washington). Three of the 6 abused cases were transferred to chambers set for
either 4°C or 8°C, with ~90% relative humidity. An appropriate number of control (nonabused) sample cases were included in the chambers. Samples were stored in the
chambers throughout testing shelf life, up to 16 days.
3.2.5 Bacterial Enumeration and Quality Testing
Samples were enumerated across a 16-day shelf life, with shelf life beginning post
storage and distribution simulations. Samples were enumerated at time zero, pre-abuse
treatment, post-abuse treatment, and on days 2, 4, 6, 11, and 16. Product was aseptically
transferred to filter whirl pak bags and diluted 1:1 with 0.1% peptone. Samples were
manually stomached for 2 minutes, serially diluted and plated on appropriate agar.
Listeria innocua and control samples were plated on Modified Oxford Agar (MOX)
(Remel, Lexana, Kansas), while background microflora and Lactic Acid Bacteria (LAB)
were plated on TSA and MRS (de man, Rogosa, Sharpe) (Remel, Lexana, Kansas) agars
respectively. LAB plates were overlayed, to provide a semi-anaerobic environment for

48

LAB growth. Plates were incubated at 35°C; MOX plates for 24h, TSA and MRS plates
for 48h. Psychrotrophic plates (TSA) were incubated at 7°C for 10 days.
Headspace for each sample was also measured using a portable gas analyzer
(Quantek Instruments, Model Q2, Massachusetts, USA). Intrinsic factors of pH and water
activity for all control samples were measured to monitor for odd, or unexpected
conditions (anaerobic, or minimal change in headspace O2:CO2 equilibrium, acidic or
basic environments). Three experiments for each vegetable were done, with two technical
replicates enumerated for each treatment and observation time.
3.2.5 Statistical Analysis
For each vegetable and temperature observed, sample growth values (log CFU/g)
from duplicate bags were averaged to retain one mean value at each time observed,
across three trials. To analyze the difference in growth patterns of L. innocua between
treated and untreated samples ANOVA was used to compare L. innocua values with main
effects of time, treatment, and their interaction (p-value, <0.05). Additionally, Paired
Tukey’s HSD method was used to determine time points of significant growth (p-value,
<0.05), in both temperatures and treatments, when ANOVA effect tests showed
significant difference in growth by time.
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CHAPTER 4: RESULTS AND DISCUSSION
4.1 Effect of Water Activity, pH and headspace on L. innocua and background
microbiota growth
Physiochemical attributes of each vegetable, including product pH, water activity,
and package headspace, were observed at each time pull to monitor microbial growing
conditions during storage. Water activity and pH values ranged between 0.989-0.999 and
6.3-7.4, respectively, for all vegetables. These ranges allow for multiple microorganisms
to grow, including L. innocua. As expected, headspace O2% decreased and CO2%
increased due to plant respiration. However, observed mean respiration rates and final gas
concentrations differed between vegetables. Time zero readings reported here reflect
headspace concentrations in samples after 18h of conditioning at 4℃. Average values
from time of inoculation to time zero (post conditioning) varied by 1.88-7.16%
depending on vegetable (data not shown). Time zero values ranged between 3.0-13.22%
O2 and 6.16-15.4% CO2 across all vegetables (Tables 8-15). In general, headspace in
vegetables under 8℃ storage changed more rapidly than samples held at 4℃. This agrees
with previous studies showing that higher storage temperatures increase produce
respiration rates (Devanesan et al., 2012; Torrieri et al., 2010). Literature values report
both broccoli stalk and Brussels sprouts to have higher respiration rates compared to beet
greens and kale, which could explain in low O2% values of 3.0 and 5.22 for each
vegetable at time zero, respectively (Tables 10-13) (M. Cantwell et al., 1998; Marita
Cantwell & Suslow, 2002). Likely, shredding during processing increased the already
high respiration rates and contributed to the larger standard deviations observed for both
vegetables’ headspace values (Marita Cantwell & Suslow, 2002). Headspace values did
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not seem to affect growth of L. innocua or background microorganisms. As similar
growth values were observed in both punctured bags (atmospheric conditions) and
anaerobic bags. L. innocua is a facultative anaerobe, growth under both anaerobic and
aerobic conditions was expected.
Table 8: Mean headspace, water activity and pH values for kale by time and treatment at
4℃a.
Time(days)
0
2
6
11
16
0
2
6
11
16
a
n=6

Abused/NonAbused (A/N)
N
N
N
N
N
A
A
A
A
A

O2% ± SD
13.21 ± 1.6
10.54 ± 2.3
11.38 ± 4.4
10.05 ± 2.9
8.06 ± 3.8
12.94 ± 1.5
12.29 ± 3.0
13.35 ± 5.6
11.50 ± 3.3
11.79 ± 1.8

CO2% ± SD
6.16 ± 1.5
8.53 ± 1.5
7.36 ± 3.8
8.38 ± 2.4
9.29 ± 3.6
6.33 ± 1.3
6.99 ± 2.3
6.73 ± 4.0
7.19 ± 2.4
7.38 ± 2.8

aw± SD
0.993 ± 0.003
0.993 ± 0.006
0.994 ± 0.003
0.995 ± 0.004
0.995 ± 0.003
0.993 ± 0.002
0.991 ± 0.005
0.994 ± 0.002
0.995 ± 0.003
0.995 ± 0.003

pH ± SD
6.4 ± 0.1
6.4 ± 0.1
6.5 ± 0.1
6.5 ± 0.2
6.6 ± 0.2
6.4 ± 0.1
6.4 ± 0.1
6.5 ± 0.3
6.6 ± 0.2
6.6 ± 0.2

Table 9: Mean headspace, water activity and pH values for kale by time and treatment at
8℃a.
Time(days)
0
2
4
6
11
0
2
4
6
11
a
n=6

Abused/NonAbused (A/N)
N
N
N
N
N
A
A
A
A
A

O2% ± SD
13.22 ± 1.6
9.86 ± 4.0
8.10 ± 5.5
8.32 ± 4.8
6.05 ± 5.7
12.94 ± 1.5
8.24 ± 1.7
8.43 ± 3.6
9.70 ± 3.0
8.48 ± 5.6

CO2% ± SD
6.16 ± 1.5
9.24 ± 3.7
9.52 ± 3.5
9.50 ± 3.3
10.25 ± 4.0
6.33 ± 1.3
10.64 ± 1.7
9.23 ± 2.6
8.60 ± 1.9
8.83 ± 4.7
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aw ± SD
0.993 ± 0.002
0.992 ± 0.004
0.997 ± 0.002
0.994 ± 0.001
0.992 ± 0.002
0.993 ± 0.002
0.991 ± 0.005
0.996 ± 0.002
0.994 ± 0.002
0.994 ± 0.003

pH ± SD
6.4 ± 0.1
6.3 ± 0.1
6.6 ± 0.2
6.7 ± 0.1
6.7 ± 0.3
6.4 ± 0.1
6.3 ± 0.2
6.4 ±0.1
6.6 ± 0.2
6.7 ± 0.3

Table 10: Mean headspace, water activity and pH values for Brussels sprouts by time and
treatment at 4℃a.
Time(days)
0
2
6
11
16b
0
2
6
11
16b
a
n=6
b

Abused/NonAbused (A/N)
N
N
N
N
N
A
A
A
A
A

O2% ± SD
5.22 ± 1.2
1.42 ± 0.6
0.97 ± 0.5
1.35 ± 0.4
1.88 ± 0.9
5.27 ± 2.1
1.47 ± 0.7
1.28 ± 0.4
1.05 ± 0.8
1.24 ± 0.65

CO2% ± SD
12.13 ± 1.3
16.68 ± 0.6
18.37 ± 1.0
17.53 ± 0.8
17.64 ± 0.55
12.0 ± 1.9
16.77 ± 1.0
18.50 ± 1.0
20.40 ± 3.6
18.06 ± 1.6

aw ± SD
0.993 ± 0.004
0.991 ± 0.003
0.991 ± 0.003
0.992 ± 0.003
0.992 ± 0.001
0.992 ± 0.003
0.993 ± 0.003
0.993 ± 0.002
0.993 ± 0.003
0.991 ± 0.003

pH ± SD
6.5 ± 0.2
6.6 ± 0.4
6.5 ± 0.2
6.7 ± 0.2
6.7 ± 0.1
6.6 ± 0.3
6.5 ± 0.2
6.5 ± 0.2
6.6 ± 0.1
6.6 ± 0.2

Data points from 1 punctured bag removed from calculations, n = 5

Table 11: Mean headspace, water activity and pH values for Brussels sprouts by time and
treatment at 8℃a.
Time(days)
0
2
4
6
0
2*
4*
6
a
n=6
b

Abused/NonAbused (A/N)
N
N
N
N
A
A
A
A

O2% ± SD
5.22 ± 1.2
0.52 ± 0.1
0.78 ± 0.3
1.28 ± 0.7
5.27 ± 2.1
2.76 ± 4.6
1.44 ± 1.49
3.82 ± 4.9

CO2% ± SD
12.13 ± 1.3
18.87 ± 0.5
18.30 ± 1.0
17.47 ± 0.5
12.0 ± 1.9
17.34 ± 3.5
17.96 ± 0.8
15.67 ± 3.6

aw ± SD
0.993 ± 0.004
0.992 ± 0.003
0.992 ± 0.003
0.989 ± 0.003
0.992 ± 0.003
0.991 ± 0.003
0.994 ± 0.001
0.992 ± 0.002

Data points from 1 punctured bag removed from calculations, n = 5
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pH ± SD
6.5 ± 0.2
6.4 ± 0.2
6.4 ± 0.1
6.5 ± 0.2
6.6 ± 0.3
6.6 ± 0.4
6.7 ± 0.3
6.6 ± 0.2

Table 12: Mean headspace, water activity and pH values for broccoli stalk by time and
treatment at 4℃a.
Time(days)
0
2
6
11
16
0
2
6
11
16
a
n=6

Abused/NonAbused (A/N)
N
N
N
N
N
A
A
A
A
A

O2% ± SD
3.00 ± 2.6
1.47 ± 0.7
1.57 ± 1.5
1.85 ± 1.2
4.05 ± 2.4
2.97 ± 2.5
2.03 ± 1.4
1.78 ± 1.3
5.82 ± 6.0
4.90 ± 3.9

CO2% ± SD
15.40 ± 4.0
17.98 ± 3.0
19.78 ± 3.5
18.53 ± 3.1
17.22 ± 3.6
15.77 ± 4.3
17.68 ± 3.4
19.57 ± 3.7
14.87 ± 6.3
16.50 ± 4.9

aw ± SD
0.997 ± 0.002
0.995 ± 0.002
0.995 ± 0.002
0.995 ± 0.002
0.996 ± 0.002
0.999 ± 0.004
0.997 ± 0.003
0.996 ± 0.001
0.996 ± 0.002
0.996 ± 0.003

pH ± SD
6.7 ± 0.1
6.6 ± 0.1
6.8 ± 0.3
6.7 ± 0.2
7 ± 0.2
6.7 ± 0.2
6.5 ± 0.1
6.7 ± 0.3
6.8 ± 0.2
6.9 ± 0.3

Table 13: Mean headspace, water activity and pH values for broccoli stalk by time and
treatment at 8℃a.
Time(days)
0
2
4
6
0
2
4
6
a
n=6

Abused/NonAbused (A/N)
N
N
N
N
A
A
A
A

O2% ± SD
3.00 ± 2.6
1.22 ± 1.6
1.10 ± 0.7
1.35 ± 0.6
2.97 ± 2.5
0.53 ± 0.2
1.92 ± 2.5
1.33 ± 0.5

CO2% ± SD
15.4 ± 4.0
21.47 ± 5.4
20.27 ± 4.2
19.45 ± 3.7
15.77 ± 4.3
22.13 ± 5.2
20.77 ± 6.4
20.00 ± 4.3
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aw ± SD
0.997 ± 0.002
0.995 ± 0.002
0.996 ± 0.002
0.995 ± 0.001
0.999 ± 0.004
0.996 ± 0.001
0.996 ± 0.001
0.994 ± 0.003

pH ± SD
6.7 ± 0.1
6.7 ± 0.2
6.9 ± 0.1
6.9 ± 0.1
6.7 ± 0.2
6.7 ± 0.2
6.7 ± 0.3
6.8 ± 0.2

Table 14: Mean headspace, water activity and pH values for beet greens by time and
treatment at 4℃a.
Time(days)
0
2
6
11
16
0
2
6
11
16
a
n=6

Abused/NonAbused (A/N)
N
N
N
N
N
A
A
A
A
A

O2% ± SD
11.62 ± 1.1
9.20 ± 1.7
7.58 ± 0.9
6.38 ± 3.4
4.52 ± 2.9
12.2 ± 1.0
10.28 ± 4.5
10.0 ± 4.5
6.74 ± 1.4
6.25 ± 5.6

CO2% ± SD
6.72 ± 1.0
9.48 ± 1.5
10.5 ± 0.4
11.17 ± 2.3
12.48 ± 2.0
6.4 ± 1.0
8.24 ± 3.7
8.82 ± 3.7
10.97 ± 1.2
10.97 ± 3.8

aw ± SD
0.996 ± 0.001
0.992 ± 0.004
0.994 ± 0.003
0.999 ± 0.006
0.991 ± 0.003
0.995 ± 0.003
0.995 ± 0.003
0.995 ±0.001
0.992 ±0.003
0.992 ± 0.002

pH ± SD
6.6 ± 0.1
6.5 ± 0.2
6.9 ± 0.1
7.3 ± 0.1
7.4 ± 0.1
6.5 ± 0.1
6.7 ± 0.1
7.0 ± 0.3
7.2 ± 0.2
7.4 ± 0.1

Table 15: Mean headspace, water activity and pH values for beet greens by time and
treatment at 8℃a.
Time(days)
0
2
4
6
11
0
2
4
6
11
a
n=6

Abused/NonAbused (A/N)
N
N
N
N
N
A
A
A
A
A

O2% ± SD
11.62 ± 1.1
7.37 ± 1.4
6.94 ± 3.4
3.53 ± 1.1
2.90 ± 0.6
12.20 ± 1.0
8.04 ± 2.4
5.88 ± 2.1
6.15 ± 7.4
5.23 ± 6.1

CO2% ± SD
6.72 ± 1.1
10.75 ± 1.3
11.02 ± 2.4
12.60 ± 0.5
13.60 ± 0.2
6.40 ± 1.0
10.40 ± 1.7
12.48 ± 1.0
10.25 ± 6.1
11.70 ± 3.9

aw ± SD
0.996 ± 0.001
0.999 ± 0.004
0.992 ± 0.004
0.990 ± 0.002
0.991 ± 0.004
0.995 ± 0.003
0.993 ± 0.002
0.996 ± 0.001
0.992 ± 0.003
0.999 ± 0.005

pH ± SD
6.6 ± 0.1
6.6 ± 0.3
6.9 ± 0.2
7.1 ± 0.1
7.3 ± 0.1
6.5 ± 0.1
6.7 ± 0.2
6.9 ± 0.2
6.9 ± 0.1
7.3 ± 0.1

4.2 Effect of simulated storage and distribution on L. innocua and background
microbiota growth
It was expected that physical abuse from storage and distribution simulations
would increase growth of L. innocua in all RTE vegetables. However, abuse simulations
did not significantly affect L. innocua or background microbiota growth under either
storage temperature (p-value > 0.5) (Tables 16-19). Previous studies have shown that
processing damage alone can influence growth of L. innocua in RTE vegetables (Gleeson
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& O’Beirne, 2005). Vegetables used in this study were either chopped or shredded prior
to inoculation and abuse simulations. Results, therefore, show that the physical abuse of
storage and distribution did not compound previous processing abuse to affect L. innocua
growth. Had this study included whole, intact produce, L. innocua growth may have been
more affected by the physical abuse during storage and distribution simulations.
Table 16:ANOVA treatment effect statistics on L. innocua growth for all vegetables at
4℃. Degrees of freedom numerator is 1 and denominator is 4.
Vegetable
Kale
Brussels sprouts
Broccoli stalk
Beet Greens

F - ratio p-value
0.0034
0.9536
1.1858
0.2981
0.0094
0.9239
0.0983
0.7575

Table 17: ANOVA treatment effect statistics on L. innocua growth for all vegetables at
8℃. Degrees of freedom numerator is 1 and denominator is 4.
Vegetable
Kale
Brussels sprouts
Broccoli stalk
Beet Greens

F - ratio
0.0643
0.1673
0.0255
0.9212

p-value
0.8024
0.688
0.8752
0.4732
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Table 18: ANOVA treatment effect statistics on APC, LAB and PPC growth for all
vegetables at 4℃. Degrees of freedom numerator is 1 and denominator is 4.
Vegetable
F - ratio
Kale
APC 0.1401
LAB 0.1635
PPC 0.0194
Brussels sprouts
APC 1.1125
LAB 0.0258
PPC 1.0059
Broccoli stalk
APC 0.1861
LAB 0.0041
PPC 0.1678
Beet Greens
APC 0.0247
LAB 0.0025
PPC 0.9258
*significance level (p < 0.05)

p-value
0.7108
0.6888
0.8903
0.3041
0.874
0.3285
0.6713
0.9498
0.6867
0.8766
0.9607
0.347

Table 19: ANOVA treatment effect statistics on APC, LAB and PPC growth for all
vegetables at 8℃. Degrees of freedom numerator is 1 and denominator is 4.
Vegetable
Kale
APC
LAB
PPC
Brussels sprouts
APC
LAB
PPC
Broccoli stalk
APC
LAB
PPC
Beet Greens
APC
LAB
PPC

F - ratio

p-value

1.0304
0.0047
0.1138

0.3222
0.9462
0.7395

0.1521
0.0830
3.5346

0.7029
0.7769
0.0811

0.0078
1.0407
0.4386

0.9308
0.3228
0.5172

0.2338
0.8972
0.2049

0.6353
0.3576
0.6569
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4.3 L. innocua and background microbiota growth in abused and non-abused
vegetables during 4℃ and 8℃ storage
In general, greatest microbiota and L. innocua growth was observed in beet greens,
followed by kale, broccoli stalk and Brussels sprouts in descending order. Since physical
abuse simulations had no significant effect on L. innocua or microbiota growth (p > 0.05)
only non-abused values are discussed here. Time zero values for L. innocua reflect
populations after 18h of conditioning at 4℃. During conditioning populations increased
by an average of 0.15 log in beet greens, 0.3 log in kale, 0.25 log in broccoli stalk, and
decreased by 0.59 log in Brussels sprouts. Lag phases depicted in growth curves for L.
innocua appear shorter than expected due to time zero reporting beginning post
conditioning. Lag times should be considered to include the conditioning time when
reviewing these results (Figures 2-8).
In beet greens under 4℃ storage L. innocua increased by 2.76 log by the end of 16
days, and the final mean L. innocua concentration was 5.33 log CFU/g. Storage at 8℃
resulted in a mean L. innocua increase of 3.39 log CFU/g and a final concentration of
5.95 log CFU/g (Figure 2). APC, PPC and LAB concentrations also increased by the end
of incubation times under both storage conditions. Initial values for APC, PPC and LAB
were 5.22, 5.31, and 2.38 log CFU/g, respectively. Mean APC values increased by 3.33
log, PPC by 3.42 log, and LAB by 1.21 log when held at 4℃. At 8℃ mean increases
were 3.30 log (APC), 3.33 log (PPC), and 2.36 log (LAB) by the end of storage (Figure
3). Compared to kale, broccoli stalk, and Brussels sprouts, beet greens had the highest
initial background microbiota concentrations (APC and PPC). Beet greens proved to be a
suitable environment for both L. innocua and background microbiota growth, indicating
competition did not impact growth for either group.
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Figure 5: Mean L. innocua growth in abused (solid line) and non-abused (dashed line)
beet greens when stored at 4℃ (■&□) and 8℃ (●&○). Error bars represent the standard
error of L. innocua growth means. Each data point has an n = 6.
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Figure 6: Mean growth of APC abused (■), non-abused (☐), PPC abused (▲), nonabused (△), and LAB abused (●) and non-abused (○) in beet greens by temperatures 4℃
(a) and 8℃ (b). Error bars represent the standard error of growth means. Each data point
has an n = 6.
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On kale stored at 4℃ L. innocua increased 1.72 log to a final concentration of
4.34 log CFU/g by the end of incubation. At 8℃ L. innocua grew 3.03 log, resulting in
total, 5.70 log CFU/g (Figure 4). Mean L. innocua growth in this study is greater than the
reported 1.2 log increase over 10 days in kale stored at 7℃ by Lokerse et al. (2016). The
greater growth may be due to the differing inoculation processes. This study used
multiple strains of Listeria versus one strain and used L. innocua versus L.
monocytogenes. Despite the difference in growth, both studies showed kale can support
the growth of Listeria spp. under abusive storage temperatures. Background microbiota
concentrations also increased in kale under both storage temperatures. Initial population
values were 3.90, 4.11, and 1.19 log CFU/g for APC, PPC and LAB, respectively. APC
populations increased by 2.83, PPC by 2.99 and LAB by 1.17 log by the end of storage at
4℃. Incubation at 8℃ resulted in growth of 3.73 log (APC), 3.11 log (PPC), and 1.93 log
(LAB) (Figure 5). Initial values for APC in this study were lower compared to reported
initial values for aerobic mesophilic counts in kale by Mansur et al., (2015). Initial values
by Mansur et al., (2015) ranged between ~5.5-6.3 log CFU/g, however final populations
were similar to APC and PPC concentrations in this study ranging between ~7.3-8.6 log
CFU/g. Both studies show background microbiota grew similarly and reached the
maximum carrying capacity of kale at both 4 and 8℃.
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Figure 7: Mean L. innocua growth in abused (solid line) and non-abused (dashed line)
kale when stored at 4℃ (■&□) and 8℃ (●&○). Error bars represent the standard error
of L. innocua growth means. Each data point has an n = 6.

61

10

a)

9
8

Log CFU/g

7
6
5
4
3
2
1
0

0

2

4

6

8

10

12

14

16

Time (hours)
10

b)

9
8

Log CFU/g

7
6
5
4
3
2
1
0

0

2

4

6

8

10

Time (hours)

Figure 8: Mean growth of APC abused (■), non-abused (☐), PPC abused (▲), nonabused (△), and LAB abused (●) and non-abused (○) in kale by temperatures 4℃ (a) and
8℃ (b). Error bars represent the standard error of growth means. Each data point has an n
= 6.
Less growth of L. innocua was observed in broccoli stalk compared to beet greens
and kale. Storage at 4℃ resulted in 0.99 log mean increase of L. innocua reaching a final
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concentration of 3.49 log CFU/g. At 8℃ L. innocua increased by 1.80 log with a final
concentration of 4.30 log CFU/g (Figure 6). The growth seen in broccoli stalk at 4℃ is
similar to reported values by Berang et al., (1989) and Pinton et al., (2020). Berang et al,
(1989) recorded < 1 log CFU/g growth over 21 days when broccoli florets were stored at
4℃. Pinton et al., (2020) also studied broccoli florets and found L. monocytogenes
increased by 1.2 log CFU/g after 28 days under 4℃ storage. Despite this study reviewing
shredded broccoli stalk, results are consistent with previous findings in broccoli florets,
showing broccoli is less supportive of Listeria growth compared to dark leafy greens
under 4℃ storage. Results from storage at 8℃ can be compared to the reported 1.2 log
CFU/g increase of L. monocytogenes in broccoli florets at 12℃ (Pinton et al., 2020). L.
innocua grew faster in shredded broccoli stalk at 8℃ than in the florets at 12℃. Growth
was faster in shredded broccoli stalk likely because it offered more attachment sites and
greater access to nutrients and moisture compared to the waxy layered, intact broccoli
florets. Background microbiota populations also increased in broccoli stalk. Initial values
for APC, PPC and LAB were 4.41, 4.67, and 2.18 log, respectively. By the end of
incubation at 4℃ APC had increased 2.58 log, PPC 2.75 log, and LAB 2.44 log. Storage
at 8℃ resulted in increases of 2.55, 2.54 and 2.31 log for APC, PPC and LAB,
respectively (Figure 7). Both storage temperatures saw similar increases in each of the
monitored background microorganisms. This was different than expected as higher
storage temperatures usually promote greater microbial growth. LAB growth was higher
at both temperatures compared to beet greens and kale, reaching the highest final
concentrations of 4.37 (4℃) and 4.24 log CFU/g (8℃). The anaerobic headspace
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conditions in broccoli stalk may have promoted greater LAB growth as the bacteria grow
more successfully in semi-anaerobic environments (Felis et al., 2020).
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Figure 9: Mean L. innocua growth in abused (solid line) and non-abused (dashed line)
broccoli stalk when stored at 4℃ (■&□) and 8℃ (●&○).Error bars represent the
standard error of L. innocua growth means. Each data point has an n = 6.
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Figure 10: Mean growth of APC abused (■), non-abused (☐), PPC abused (▲), nonabused (△), and LAB abused (●) and non-abused (○) in broccoli stalk by temperatures
4℃ (a) and 8℃ (b). Error bars represent the standard error of growth means. Each data
point has an n = 6.
Out of all four vegetables L. innocua grew the least in Brussels sprouts. At 4℃
samples increased by 0.87 log, and reached a final concentration of 2.65 log CFU/g.
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Storage at 8℃ resulted in a 1.56 log increase with a final population of 3.34 log CFU/g
(Figure 8). Growth at 8℃ was greater than the findings by Jacxsens et al., (1999) in
whole Brussels sprouts. Trimmed whole Brussels sprouts were held at 7℃ for 7 days and
L. monocytogenes increased by < 0.9 log by end of storage (Jacxsens et al., 1999).
Because Brussels sprouts in this study were shredded, held at 8℃ and used L. innocua
versus L. monocytogenes greater growth could be expected. Brussels sprouts also saw the
least amount of background microbiota growth of all vegetables studied. APC values
increased by 1.43, PPC by 0.85, and LAB by 0.16 logs when held at 4℃. At 8℃
increases were 1.84 log (APC), 1.20 log (PPC), and 0.12 log (LAB) (Figure 9).
Cruciferous vegetables contain glucosinolates, a precursor for the antimicrobial
compound allyl isothiocyanate. Brussels sprouts contain a higher level of glucosinolates,
followed by broccoli and then kale (Carlson et al., 1987). Therefore, a higher
concentration of allyl isothiocyanate in Brussels sprouts may have limited L. innocua
growth under both storage temperatures. At both temperatures Brussels sprouts observed
a higher initial concentration of LAB, which can produce antimicrobials that may have
contributed to limiting L. innocua growth.
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Figure 11: Mean L. innocua growth in abused (solid line) and non-abused (dashed line)
Brussels sprouts when stored at 4℃ (■&□) and 8℃ (●&○).Error bars represent the
standard error of L. innocua growth means. Each data point has an n = 6.
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Figure 12: Mean growth of APC abused (■), non-abused (☐), PPC abused (▲), nonabused (△), and LAB abused (●) and non-abused (○) in Brussels sprouts by temperatures
4℃ (a) and 8℃ (b). Error bars represent the standard error of growth means. Each data
point has an n = 6.
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4.4 Statistically significant growth times of L. innocua compared to time to reach > 1
log CFU/g growth and visual spoilage
Due to L. monocytogenes high mortality rate and severe illnesses a zero-tolerance
policy for L. monocytogenes in RTE foods is present in the United States (Archer, 2018).
The FDA detection method of L. monocytogenes requires < 1 CFU is present in a 25g
sample (Gasanov et al., 2005; Hitchins et al., 2017). If L. monocytogenes is detected by a
company or regulating agency (FDA or USDA), the contaminated product is recalled
immediately. Even with proper sanitation and environmental monitoring programs, L.
monocytogenes presence in plant environments can occur. Because not every product in a
lot can be tested, L. monocytogenes if present in low concentrations can go undetected
and could potentially grow during storage and distribution. Therefore, it is important to
understand the growth potential of L. monocytogenes in RTE products. If a product
supports growth, it is important to determine when L. monocytogenes growth reaches
levels that cause illness. Different metrics are used to determine when concerning growth
occurs, including noting times of statistically significant growth, and 1 log of growth, as
an indicator that a specific product can support the growth of L. monocytogenes during
storage. In ideal situations, spoilage would occur before L. monocytogenes growth,
however this is not always the case. Significant time points of growth, times when L.
innocua increased by ≥ 1 log, and visual spoilage times are compared below (Table 20).
Knowing if the product supports L. monocytogenes growth before the end of storage
highlights the importance of preventive measures, such as temperature control, washing
steps, and proper sanitation. Results from this study provide safety thresholds for each
vegetable observed showing when L. innocua growth becomes concerning (> 1 log
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increase, and statistically significant growth) under both ideal (4℃) and abusive storage
temperatures (8℃).
Tukey’s HSD pairwise comparisons were used to determine significant growth
time points for L. innocua (P < 0.05). Generally, significant growth times differed from
times where L. innocua increased by ≥ 1 log when products were held at 4℃ but were the
same under 8℃ storage (Table 20). Under 4℃ storage, both beet greens and kale reached
> 1 log growth of L. innocua by end of incubation times. Broccoli stalk nearly reached a
1 log increase by day 16 with a maximum mean increase of 0.99 log CFU/g (Table 20).
L. innocua in Brussels sprouts did not reach a 1 log increase by the end of incubation at
4℃. At 8℃, kale saw the highest growth > 1 log, followed by beet greens, broccoli stalk
and Brussels sprouts (Table 20).
No formal sensory analysis was done reviewing spoilage of vegetables. Team
members’ judgement and visual observations were used to determine time of spoilage for
each vegetable. Photos in Figures 10-13 show the visual spoilage occurring in the
vegetables during storage. Soft rot and discoloration were the main visual criteria
signifying the product had been spoiled. In beet greens L. innocua increased > 1 log
before visual spoilage occurred under both storage temperatures. Beet greens were
considered unspoiled through day 11 under 4℃, and day 6 under 8℃, while L. innocua
grew > 1 log by days 11 and 4, at 4 and 8℃, respectively. Kale was considered visually
spoiled by day 16 under 4℃, while L. innocua increased > 1 log by day 16. At 8℃, kale
reached > 1 log by day 4 but remained visually unspoiled through day 6. Visual spoilage
times at 4℃ are close to the predicted shelf life of beet greens (15-17 days) and kale (20
days), the extra handling for abuse simulations, and inoculation likely contributed to
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faster spoilage (M. Fuson, personal communication, 2018). Both beet greens and kale
were shown to support enough Listeria growth under ideal and abusive storage
environments to cause illness in consumers before the greens were considered visually
spoiled. These results should reinforce the need for proper temperature control and other
mitigation strategies to limit L. monocytogenes growth in products that contain RTE beet
greens and kale.
L. innocua growth in broccoli stalk and Brussels sprouts did not reach increase 1
log by the end of 16 days under 4℃, although broccoli stalk did get close (0.99 log
increase), both vegetables were visually unspoiled through day 16 (Table 20). Under 8℃,
both broccoli and Brussels sprouts saw L. innocua increase > 1 log by day 6, and the
produce remained visually unspoiled through day 6 (Figures 12-13). Again, visual
spoilage times at 4℃ were similar to the estimated shelf life of both vegetables (17 days)
(M. Fuson, personal communication, 2018). Retail storage and display temperatures
holding RTE vegetables can reach up to 8℃ or higher, causing concern for L.
monocytogenes growth in both vegetables prior to customer consumption (Wyatt Brown
et al., 2016; Zeng et al., 2014). Another concern, because the visual quality of Brussels
sprouts and broccoli stalk can remain unspoiled longer than leafy greens the vegetables
may be kept longer in a consumer’s refrigerator, which can allow for greater L.
monocytogenes growth and increase the risk of consumer infection. Proper cold storage
and mitigation strategies should be used to minimize L. monocytogenes growth in RTE
Brussels sprouts and broccoli stalk.
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Table 20: Statistically significant L. innocua growth, ≥1 log growth, and visual spoilage
times by temperature and vegetable
Vegetable

Significant Growth Time
Days (log CFU/g)

≥1 log CFU/g
Days (log CFU/g)

Day Visually Spoiled

11 (0.75)
11 (0.83)
16 (0.99)
6 (0.50)

16 (1.70)
≥ 16 (0.87)
≥ 16 (0.99)
11 (1.91)

16
> 16
> 16
11

4 (1.33)
6 (1.56)
6 (1.80)
4 (1.06)

4 (1.33)
6 (1.56)
6 (1.80)
4 (1.06)

4
>6
>6
4

4℃
Kale
Brussel Sprouts
Broccoli Stalk
Beet Greens
8℃
Kale
Brussel Sprouts
Broccoli Stalk
Beet Greens

Day 0

Day 6

Day 11

Day 16

Day 0

Day 4

Day 6

Day 11

4℃

8℃

Figure 13: Visual quality of abused beet greens during storage at 4 and 8℃. Red boxes
indicate time when L. innocua growth reached > 1 log CFU/g.
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Day 0

Day 2

Day 6

Day 11

Day 0

Day 4

Day 6

Day 11

Day 16

4℃

8℃

Figure 14: Visual quality of abused kale during storage at 4 and 8℃. Red boxes indicate
time when L. innocua growth reached > 1 log CFU/g.
Day 0

Day 2

Day 6

Day 11

Day 0

Day 2
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Day 6
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Figure 15: Visual quality of abused broccoli stalk during storage at 4 and 8℃. Red boxes
indicate time when L. innocua growth reached > 1 log CFU/g.
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Day 0

Day 6

Day 11

Day 16

Day 0

Day 2

Day 4

Day 6

4℃

8℃

Figure 16: Visual quality of abused Brussels sprouts during storage at 4 and 8℃. Red
boxes indicate time when L. innocua growth reached > 1 log CFU/g.
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CHAPTER 5: CONCLUSIONS
5.1 Conclusions
Greatest L. innocua growth was observed in beet greens followed by kale,
broccoli stalk and Brussels sprouts in descending order. Physical abuse during storage
and distribution did not affect L. innocua growth. All vegetables supported L. innocua
growth at 8℃. Results from this study can be used to assess risk of L. monocytogenes
growth in vegetables at 8℃ and adds to the understanding of L. monocytogenes growth
under 4℃. In this research vegetables were studied individually, however, produce
blends are often used in industry. Future research should include reviewing L.
monocytogenes growth in RTE produce blends including these vegetables. Further
research is needed to determine the impact of physical abuse during storage and
distribution on L. monocytogenes growth in whole intact vegetables, as damage could
increase risk of pathogen growth.
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